
Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
3 

16
8 

63
4

A
1

TEPZZ¥_686¥4A_T
(11) EP 3 168 634 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication: 
17.05.2017 Bulletin 2017/20

(21) Application number: 16192498.0

(22) Date of filing: 26.06.2014

(51) Int Cl.:
G01R 33/06 (2006.01) G01D 5/14 (2006.01)

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR

(30) Priority: 19.07.2013 US 201313946380

(62) Document number(s) of the earlier application(s) in 
accordance with Art. 76 EPC: 
14742067.3 / 3 022 570

(71) Applicant: Allegro Microsystems, LLC
Worcester, Massachusetts 01606 (US)

(72) Inventors:  
• TAYLOR, William, P

Amherst, NH 03031 (US)

• SCHELLER, Karl, P
Bow, NH 03304 (US)

• DAVID, Paul
Bow, NH 03304 (US)

(74) Representative: South, Nicholas Geoffrey et al
A.A. Thornton & Co. 
10 Old Bailey
London EC4M 7NG (GB)

Remarks: 
This application was filed on 05-10-2016 as a 
divisional application to the application mentioned 
under INID code 62.

(54) ARRANGEMENTS FOR MAGNETIC FIELD SENSORS THAT ACT AS TOOTH DETECTORS

(57) The invention relates generally to a variety of
magnetic field sensor arrangements for sensing motion
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tors" using a simple low-cost magnet.An embodiment
comprises two magnetic field sensing elements
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Description

Field of invention

[0001] This invention relates generally to magnetic
field sensors, and, more particularly, to magnetic field
sensors having a magnet and a substrate with magnetic
field sensing elements thereupon, all arranged in a vari-
ety of relative positions.

Background

[0002] Various types of magnetic field sensing ele-
ments are known, including Hall Effect elements and
magnetoresistance elements. Magnetic field sensors
generally include a magnetic field sensing element and
other electronic components. Some magnetic field sen-
sors also include a permanent magnet in a so-called
"back biased" arrangement described more fully below.
[0003] Magnetic field sensors provide an electrical sig-
nal representative of a sensed magnetic field. In some
embodiments that have the magnet, the sensed magnet-
ic field is a magnetic field generated by the magnet, in
which case, in the presence of a moving ferromagnetic
object, the magnetic field generated by the magnet and
sensed by the magnetic field sensor varies in accordance
with a shape or profile of the moving ferromagnetic object.
[0004] Magnetic field sensors are often used to detect
movement of features of a ferromagnetic gear, such as
gear teeth and/or gear slots or valleys. A magnetic field
sensor in this application is commonly referred to as a
"gear tooth" sensor.
[0005] In some arrangements, the gear is placed upon
a target object, for example, a camshaft in an engine.
Thus, it is the rotation of the target object (e.g., camshaft)
that is sensed by detection of the moving features of the
gear. Gear tooth sensors are used, for example, in au-
tomotive applications to provide information to an engine
control processor for ignition timing control, fuel manage-
ment, anti-lock braking systems, wheel speed sensors,
and other operations.
[0006] Information provided by the gear tooth sensor
to the engine control processor can include, but is not
limited to, an absolute angle of rotation of a target object
(e.g., a camshaft) as it rotates, a speed of the rotation,
and a direction of the rotation. With this information, the
engine control processor can adjust the timing of firing
of the ignition system and the timing of fuel injection by
the fuel injection system.
[0007] Many types of magnetic field sensors do not
provide an accurate output signal (e.g., indication of ab-
solute angle, speed, or direction of rotation) immediately
upon power up, upon movement of the target object from
zero rotating speed, and/or upon movement slowing to
zero rotating speed, but instead provide an accurate out-
put signal only once the target object has moved through
a substantial rotation or is moving with substantial speed.
For example, in one type of magnetic field sensor de-

scribed in U.S. Patent No. 6,525,531, entitled "Detection
of Passing Magnetic Articles while Adapting the Detec-
tion Threshold," issued February 25, 2003, a positive dig-
ital-to-analog converter (PDAC) and a negative digital-
to-analog converter (NDAC) track positive and negative
peaks of a magnetic field signal, respectively, for use in
generating a threshold signal. A varying magnetic field
signal is compared to the threshold signal. However, the
outputs of the PDAC and the NDAC may not be accurate
indications of the positive and negative peaks of the mag-
netic field signal until several cycles of the signal (i.e.,
signal peaks) occur (i.e., until several gear teeth have
passed). This type of magnetic field sensor, which gen-
erally requires time to become fully accurate, is referred
to herein as a so-called "precision rotation detector."
[0008] In contrast, a "true power on state" (TPOS) de-
tector can provide an accurate output signal shortly after
movement of a target object (e.g., camshaft) from zero
rotating speed, or a low rotation speed in some applica-
tions of for example less than 100 rpm, or also shortly
before movement slowing to zero rotating speed. Fur-
thermore, even when the target object is not moving, the
TPOS detector can provide an indication of whether the
TPOS detector is in front of a tooth or a valley of a gear.
However, when the target object is stationary, the con-
ventional TPOS detector is not able to identify an abso-
lute or relative angle of rotation of the target object. The
TPOS detector can be used in conjunction with a preci-
sion rotation detector within a common integrated circuit,
each providing information to the engine control proces-
sor at different times. For simplicity, TPOS detectors and
precision rotation detectors are shown herein within a
common integrated circuit. However, the TPOS detector
or the precision rotation detector can also be used alone
in separate circuits.
[0009] As described above, the conventional TPOS
detector provides an accurate output signal with only a
small initial rotation of the target object, and before the
precision rotation detector can provide an accurate out-
put signal. The TPOS detector can provide information
to the engine control processor that can be more accurate
than information provided by the precision rotation de-
tector for time periods at the beginning and at the end of
rotation of the target object (e.g., start and stop of the
engine and camshaft), but which may be less accurate
when the object is rotating at speed. For magnetic field
sensor arrangements that have both a TPOS detector
and a precision rotation detector within a common inte-
grated circuit, when the object is rotating at speed, the
engine control processor can primarily use rotation infor-
mation provided by the precision rotation detector. In
most conventional applications, once the magnetic field
sensor switches to use the precision rotation detector, it
does not return to use the TPOS detector until the target
object stops rotating or nearly stops rotating.
[0010] A conventional TPOS detector is described in
U.S. Patent No. 7,362,094, entitled "Method and Appa-
ratus for Magnetic Article Detection," issued April 22,
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2008. The conventional TPOS detector includes a com-
parator for comparing the magnetic field signal to a fixed,
often trimmed, threshold signal. The conventional TPOS
detector can be used in conjunction with and can detect
rotational information about a TPOS cam (like a gear),
which is disposed upon a target object, e.g., an engine
camshaft, configured to rotate.
[0011] An exemplary output signal from a conventional
TPOS detector has at least two states, and typically a
high and a low state. The state of the conventional TPOS
output signal is high at some times and low at other times
as the target object rotates, in accordance with features
on the TPOS cam (or gear) attached to the target object.
[0012] Similarly, an output signal from a conventional
precision rotation detector also has at least two states,
and typically a high and a low state. The state of the
conventional precision rotation detector output signal is
high at some times and low at other times as the target
object rotates, also in accordance with features on the
TPOS cam (or gear) attached to the target object
[0013] As described above, conventional TPOS detec-
tors have the ability to differentiate a gear tooth from a
gear valley, and to make such detection when the gear
is rotating and when the gear is not rotating. In contrast,
some conventional precision rotation detectors have the
ability to differentiate a gear tooth from a gear valley when
the gear is rotating, but not when the gear is stationary.
Detectors that can identify a gear tooth from a valley are
sometimes referred to as "tooth detectors." Thus, TPOS
detectors are usually tooth detectors. Some precision ro-
tation detectors can also be tooth detectors.
[0014] Some other conventional precision rotation de-
tectors are unable to differentiate a gear tooth from a
valley, but instead, can differentiate an edge of a tooth
of the gear from the tooth or the valley. Such detectors
are sometimes referred to as "edge detectors." Usually,
TPOS detectors are not edge detectors. However, some
precision rotation detectors can be edge detectors.
[0015] The conventional magnetic field sensor must
achieve an accurate output signal that accurately differ-
entiates between gear teeth and gear valleys even in the
presence of an air gap between the magnetic field sensor
and the gear that may change from installation to instal-
lation or from time to time. Still further, the conventional
magnetic field sensor must achieve these differentiations
even in the presence of unit-to-unit variations in relative
positions of the magnet and the magnetic field sensing
element within the magnetic field sensor. Still further, the
conventional magnetic field sensor must achieve these
differentiations even in the presence of unit-to-unit vari-
ations in the magnetic field generated by the magnet.
Still further, the conventional magnetic field sensor must
achieve these differentiations even in the presence of
variations of an axial rotation of the magnetic field sensor
relative to the gear. Still further, the conventional mag-
netic field sensor must achieve these differentiations
even in the presence of variations of temperature around
the magnetic field sensor.

[0016] The above effects result in expensive design
choices. In particular, some of the above effects result it
use of an expensive magnet described below in conjunc-
tion with FIGS. 1 and 2.
[0017] US2010072988 (A1) discloses a system includ-
ing an encoder, multiple sensing elements and control
logic. The encoder has a pole pitch and is configured to
rotate in a direction of rotation. The multiple sensing el-
ements are situated along the direction of rotation and
span at least half the length of the pole pitch. The control
logic is configured to receive signals from the multiple
sensing elements based on the encoder in a static posi-
tion and obtain a switching point based on the signals.
[0018] WO9408203 (A1) discloses a gear tooth sensor
incorporating a magnet and two magnetically sensitive
devices, such as Hall Effect elements. The two magnet-
ically sensitive devices are disposed in a common plane
with each other with one of the devices being located at
a position closer to the magnet than the other device.
The common plane in which both magnetically sensitive
devices are disposed is spaced apart from a central axis
of the magnet by a predetermined distance. A means is
provided for determining a ratio of the magnetic field
strengths that are imposed perpendicularly on the first
and second magnetically sensitive devices. The ratio is
used to distinguish between teeth and slots proximate
the sensor wherein the common plane of the magneti-
cally sensitive devices is generally perpendicular to the
path along which the teeth and slots pass.
[0019] EP2063229 (A1) discloses an arrangement
comprising a magnetic field sensor e.g. vertical hall sen-
sor and horizontal hall sensor, integrated in a semicon-
ductor chip. The chip and a magnetic field source i.e.
permanent magnet, are arranged relative to each other
in a preset position in an enclosed material, such that the
magnetic field produced by the source is detected by the
sensor. The source is arranged in the chip and/or in an
extension plane of the chip laterally adjacent to the chip,
where the source has a magnetic coil connected with a
power supply terminal.
[0020] WO9518982 (A1) discloses a proximity sensor
with two magnetoresistive elements disposed in a com-
mon plane and displaced from a lateral surface of a per-
manent magnet. The common sensing plane of the mag-
netoresistive elements extends in a direction generally
parallel to a magnetic axis of a permanent magnet that
extends between the north and south poles of the mag-
net. A detection zone is defined relative to a preselected
magnetic pole face and the magnetoresistive elements
provide first and second signals that can be compared
to define a third signal which is representative of the pres-
ence or absence of the magnetically permeable object
within the detection zone. The magnetoresistive ele-
ments can each comprise a plurality of magnetoresistors
which are arranged in a Wheatstone bridge configuration
for the purpose of providing the first and second signals
described above.
[0021] US2013113474 (A1) discloses a magnetic sen-
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sor device including a magnet configured to generate a
bias magnetic field, plurality of electrical wires extend
through the magnet with a magnetic sensor chip attached
to an end face of a first electrical wire of the plurality of
electrical wires.
[0022] WO9312403 (A1) discloses to obtain a sensor
of the rotation speed, in particular the rotational speed
of a gear wheel which emits from its power-up a defined
signal which can determine definitely whether the sensor,
in the case of a sensor of the speed of rotation of a toothed
wheel, is associated with a tooth or a tooth gap, the two
elements is associated with Hall effect each to one of the
two magnetic poles, or, in other words, the magnet is
located between the first Hall element and the second
Hall element relative to the workpiece or to the gear-
wheel.
[0023] It would be desirable to provide a magnetic field
sensor in a magnetically biased arrangement that can
achieve an accurate output signal that accurately differ-
entiates between gear teeth and gear valleys while using
a simpler and less expensive magnet.

Summary of the Invention

[0024] A magnetic field sensor in a magnetically biased
arrangement achieves an accurate output signal that ac-
curately differentiates between gear teeth and gear val-
leys while using a simpler and less expensive magnet.
The differentiation is achieved even in the presence of
variations of mechanical and thermal parameters asso-
ciated with the magnetic field sensor.
[0025] In accordance with one aspect, a magnetic field
sensor for sensing motion of a ferromagnetic object com-
prises a substrate. The substrate includes a first major
surface, wherein a first dimension across the first major
surface of the substrate defines a width of the substrate
and a second dimension across the first major surface
of the substrate perpendicular to the first dimension de-
fines a length of the substrate. The substrate also in-
cludes first and second substrate edges at ends of the
width of the substrate. The substrate also includes a sec-
ond major surface parallel to the first major surface. The
magnetic field sensor further comprises a magnet. The
magnet includes a first major surface proximate to the
substrate, wherein a first dimension across the first major
surface of the magnet defines a width of the magnet and
a second dimension across the first major surface of the
magnet perpendicular to the first dimension defines a
length of the magnet. The magnet also includes a second
major surface distal from the substrate and parallel to the
first major surface of the magnet. The magnet also in-
cludes a center axis perpendicular to the first and second
major surfaces of the magnet and centered within the
width and length of the magnet. The magnetic field sensor
further comprises a first magnetic field sensing element
disposed upon the first major surface or the second major
surface of the substrate and configured to generate a
magnetic field signal, wherein the first magnetic field

sensing element comprises a center; wherein the center
of the first magnetic field sensing element is substantially
closer to a first end of the width dimension of the magnet
than to the center axis of the magnet.
[0026] In some embodiments, the above magnetic field
sensor can include one or more of the following aspects
in any combination.
[0027] In some embodiments of the above magnetic
field sensor, a distance between the center axis of the
magnet and the center of the first magnetic field sensing
element is greater than a distance from the center axis
of the magnet and the first end of the width dimension of
the magnet.
[0028] In some embodiments of the above magnetic
field sensor, the center of the first magnetic field sensing
element is at or beyond the first end of the width dimen-
sion of the magnet.
[0029] In some embodiments of the above magnetic
field sensor, the magnet has a north pole and a south
pole, a line between which is parallel to the first major
surface of the substrate.
[0030] In some embodiments of the above magnetic
field sensor, the magnet has a north pole and a south
pole, a line between which is perpendicular to the first
major surface of the substrate.
[0031] In some embodiments of the above magnetic
field sensor, the first magnetic field sensing element com-
prises a Hall element.
[0032] In some embodiments of the above magnetic
field sensor, the first magnetic field sensing element com-
prises a magnetoresistance element.
[0033] In some embodiments of the above magnetic
field sensor, the center axis of the substrate and the cent-
er axis of the magnet intersect the ferromagnetic object.
[0034] In some embodiments of the above magnetic
field sensor, the magnet comprises a rectangular mag-
net.
[0035] In some embodiments of the above magnetic
field sensor, the magnet consists of only one uniform
material.
[0036] In some embodiments of the above magnetic
field sensor, the magnet is comprised of a hard ferromag-
netic material, and wherein the magnet does not have a
core comprised of a different material.
[0037] In some embodiments of the above magnetic
field sensor, magnet is comprised of a hard ferromagnetic
material, and wherein the magnet does not have a core
comprised of a different material.
[0038] In some embodiments of the above magnetic
field sensor, the magnet comprises magnetic particles
molded within a mold compound.
[0039] In some embodiments, the above magnetic field
sensor further comprises:

a leadframe over which the substrate is disposed,
the leadframe comprising a plurality of leads; and
a molded body encapsulating the substrate and se-
lected parts of the leadframe; and
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one or more passive electronic components dis-
posed within the molded body and electrically cou-
pled to at least two of the plurality of leads.

[0040] In some embodiments of the above magnetic
field sensor, the first magnetic field sensing element is
selected from a among a plurality of magnetic field sens-
ing elements disposed upon the first major surface or the
second major surface of the substrate.
[0041] In some embodiments, the above magnetic field
sensor further comprises a second magnetic field sens-
ing element disposed upon the first major surface or the
second major surface of the substrate and configured to
generate a second magnetic field signal, wherein the sec-
ond magnetic field sensing element comprises a center,
wherein the center of the second magnetic field sensing
element is substantially closer to a second end of the
width dimension of the magnet than to the center axis of
the magnet.
[0042] In some embodiments of the above magnetic
field sensor, a line passing through the first and second
magnetic field sensing elements intersects the ferromag-
netic object.
[0043] In some embodiments of the above magnetic
field sensor, a distance between the center axis of the
magnet and the center of the first magnetic field sensing
element is greater than a distance from the center axis
of the magnet and the first end of the width dimension of
the magnet, and wherein a distance between the center
axis of the magnet and the center of the second magnetic
field sensing element is greater than a distance from the
center axis of the magnet and the second end of the width
dimension of the magnet.
[0044] In some embodiments of the above magnetic
field sensor, the center of the first magnetic field sensing
element is at or beyond the first end of the width dimen-
sion of the magnet, and wherein the center of the second
magnetic field sensing element is at or beyond the sec-
ond end of the width dimension of the magnet.
[0045] In some embodiments of the above magnetic
field sensor, the magnet is comprised of a hard ferromag-
netic material, and wherein the magnet does not have a
core comprised of a different material.
[0046] In some embodiments of the above magnetic
field sensor, the magnet comprises magnetic particles
molded within a mold compound.
[0047] In some embodiments, the above magnetic field
sensor further comprises: an electronic circuit coupled
to receive the first and second magnetic field signals and
configured to sum the first and second magnetic field
signals.
[0048] In some embodiments, the above magnetic field
sensor further comprises:

a leadframe over which the substrate is disposed,
the leadframe comprising a plurality of leads; and
a molded body encapsulating the substrate and se-
lected parts of the leadframe; and

one or more passive electronic components dis-
posed within the molded body and electrically cou-
pled to at least two of the plurality of leads.

[0049] In some embodiments of the above magnetic
field sensor, the first magnetic field sensing element is
selected from a among a first plurality of magnetic field
sensing elements disposed upon the first major surface
or the second major surface of the substrate and the sec-
ond magnetic field sensing element is selected from a
among a second plurality of magnetic field sensing ele-
ments disposed upon the first major surface or the sec-
ond major surface of the substrate.
[0050] In accordance with another aspect, a magnetic
field sensor for sensing motion of a ferromagnetic object
comprises a substrate. The substrate includes a first ma-
jor surface, wherein a first dimension across the first ma-
jor surface of the substrate defines a width of the sub-
strate and a second dimension across the first major sur-
face of the substrate perpendicular to the first dimension
defines a length of the substrate. The substrate also in-
cludes first and second substrate edges at ends of the
width of the substrate. The substrate also includes a sec-
ond major surface parallel to the first major surface. The
magnetic field sensor further comprises a magnet. The
magnet includes a first major surface proximate to the
substrate, wherein a first dimension across the first major
surface of the magnet defines a width of the magnet and
a second dimension across the first major surface of the
magnet perpendicular to the first dimension defines a
length of the magnet. The magnet also includes a second
major surface distal from the substrate and parallel to the
first major surface of the magnet. The magnet also in-
cludes a center axis perpendicular to the first and second
major surfaces of the magnet and centered within the
width and length of the magnet. The magnetic field sensor
further comprises a first magnetic field sensing element
disposed upon the first major surface or the second major
surface of the substrate and configured to generate a
first magnetic field signal. The magnetic field sensor also
includes a second magnetic field sensing element dis-
posed upon the first major surface or the second major
surface of the substrate and configured to generate a
second magnetic field wherein a line passing through the
first and second magnetic field sensing elements inter-
sects the ferromagnetic object.
[0051] In some embodiments, the above magnetic field
sensor can include one or more of the following aspects
in any combination.
[0052] In some embodiments of the above magnetic
field sensor, the first magnetic field sensing element is
substantially closer to the ferromagnetic object than the
second magnetic field sensing element.
[0053] In some embodiments of the above magnetic
field sensor, the magnet is comprised of a hard ferromag-
netic material, and wherein the magnet does not have a
core comprised of a different material.
[0054] In some embodiments of the above magnetic
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field sensor, the magnet comprises magnetic particles
molded within a mold compound.
[0055] In some embodiments, the above magnetic field
sensor further comprises an electronic circuit coupled to
receive the first and second magnetic field signals and
configured to sum the first and second magnetic field
signals.
[0056] In some embodiments, the above magnetic field
sensor further comprises:

a leadframe over which the substrate is disposed,
the leadframe comprising a plurality of leads;
a molded body encapsulating the substrate and se-
lected parts of the leadframe; and one or more pas-
sive electronic components disposed within the
molded body and electrically coupled to at least two
of the plurality of leads.

[0057] In some embodiments of the above magnetic
field sensor, the first magnetic field sensing element is
selected from a among a first plurality of magnetic field
sensing elements disposed upon the first surface of the
substrate and the second magnetic field sensing element
is selected from a among a second plurality of magnetic
field sensing elements disposed upon the first major sur-
face or the second major surface of the substrate.

Brief Description of the Drawings

[0058] The foregoing features of the invention, as well
as the invention itself may be more fully understood from
the following detailed description of the drawings, in
which:

FIG. 1 is a block diagram of a conventional magnetic
field sensor having a magnetic field sensing element,
an electronic circuit, and a magnet;
FIG. 1A is a block diagram of an exemplary electronic
circuit that can be used as the electronic circuit of
FIG. 1;
FIG. 2 is another block diagram of the magnetic field
sensor of FIG. 1;
FIG. 3 is a block diagram of a magnetic field sensor
having a magnetic field sensing element, an elec-
tronic circuit, and a magnet, the magnetic field sen-
sor located proximate to a gear;
FIG. 3A is a block diagram of another magnetic field
sensor having a magnetic field sensing element, an
electronic circuit, and a magnet, the magnetic field
sensor located proximate to a gear;
FIG. 3B is a block diagram of another magnetic field
sensor having a magnetic field sensing element, an
electronic circuit, and a magnet, the magnetic field
sensor located proximate to a gear;
FIG. 3C is a block diagram of the magnetic field sen-
sor of FIG. 3 having a magnetic field sensing ele-
ment, an electronic circuit, and a magnet, all within
an encapsulation, the magnetic field sensor located

proximate to a gear;
FIG. 3D is a block diagram showing a plurality of
magnetic field sensing elements disposed upon a
substrate, a selected one of which can be used in
any of the magnetic field sensors herein;
FIG. 4 is a block diagram of another magnetic field
sensor having two magnetic field sensor, an elec-
tronic circuit, and a magnet, the magnetic field sen-
sor located proximate to a gear;
FIG. 4A is a block diagram of another magnetic field
sensor having two magnetic field sensing elements,
an electronic circuit, and a magnet, the magnetic field
sensor located proximate to a gear;
FIG. 4B is a block diagram of another magnetic field
sensor having two magnetic field sensing elements,
an electronic circuit, and a magnet, the magnetic field
sensor located proximate to a gear;
FIG. 4C is a block diagram of another magnetic field
sensor having a magnetic field sensing element, an
electronic circuit, and a magnet, the magnetic field
sensor located proximate to a gear;
FIG. 4D is a block diagram of the magnetic field sen-
sor of FIG. 4 having two magnetic field sensing ele-
ments, an electronic circuit, and a magnet, all within
an encapsulation, the magnetic field sensor located
proximate to a gear; and
FIG. 5 is a block diagram of an exemplary electronic
circuit that can be used as the electronic circuit in
the magnetic field sensors of FIGS. 4, 4A, 4B, and
4D; and
FIG. 6 is a graph showing exemplary magnetic fields
proximate to a magnetic field sensing element.

Detailed Description of Embodiments

[0059] Before describing the present invention, some
introductory concepts and terminology are explained.
[0060] As used herein, the term "magnetic field sens-
ing element" is used to describe a variety of electronic
elements that can sense a magnetic field. The magnetic
field sensing element can be, but is not limited to, a Hall
Effect element, a magnetoresistance element, or a mag-
netotransistor. As is known, there are different types of
Hall Effect elements, for example, a planar Hall element,
a vertical Hall element, and a Circular Vertical Hall (CVH)
element. As is also known, there are different types of
magnetoresistance elements, for example, a semicon-
ductor magnetoresistance element such as Indium Anti-
monide (InSb), a giant magnetoresistance (GMR) ele-
ment, an anisotropic magnetoresistance element (AMR),
a tunneling magnetoresistance (TMR) element, and a
magnetic tunnel junction (MTJ). The magnetic field sens-
ing element may be a single element or, alternatively,
may include two or more magnetic field sensing elements
arranged in various configurations, e.g., a half bridge or
full (Wheatstone) bridge. Depending on the device type
and other application requirements, the magnetic field
sensing element may be a device made of a type IV sem-
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iconductor material such as Silicon (Si) or Germanium
(Ge), or a compound semiconductor material like Gal-
lium-Arsenide (GaAs) or an Indium compound, e.g., In-
dium-Antimonide (InSb), or InGaA.
[0061] As is known, some of the above-described mag-
netic field sensing elements tend to have an axis of max-
imum sensitivity parallel to a substrate that supports the
magnetic field sensing element, and others of the above-
described magnetic field sensing elements tend to have
an axis of maximum sensitivity perpendicular to a sub-
strate that supports the magnetic field sensing element.
In particular, planar Hall elements tend to have axes of
sensitivity perpendicular to a substrate, while metal
based or metallic magnetoresistance elements (e.g.,
GMR, TMR, AMR) and vertical Hall elements tend to have
axes of sensitivity parallel to a substrate.
[0062] As used herein, the term "magnetic field sensor"
is used to describe a circuit that uses a magnetic field
sensing element, generally in combination with other cir-
cuits. Magnetic field sensors are used in a variety of ap-
plications, including, but not limited to, an angle sensor
that senses an angle of a direction of a magnetic field, a
current sensor that senses a magnetic field generated
by a current carried by a current-carrying conductor, a
magnetic switch that senses the proximity of a ferromag-
netic object, a rotation detector that senses passing fer-
romagnetic articles, for example, magnetic domains of a
ring magnet, and a magnetic field sensor that senses a
magnetic field density of a magnetic field.
[0063] As used herein, the term "accuracy," when re-
ferring to a magnetic field sensor, is used to refer to a
variety of aspects of the magnetic field sensor. These
aspects include, but are not limited to, an ability of the
magnetic field sensor to differentiate: a gear tooth from
a gear valley (or, more generally, the presence of a fer-
romagnetic object from the absence of a ferromagnetic
object) when the gear is not rotating and/or when the
gear is rotating (or, more generally, when a ferromagnetic
object is moving or not moving), an ability to differentiate
an edge of a tooth of the gear from the tooth or the valley
of the gear (or, more generally, the edge of a ferromag-
netic object or a change in magnetization direction of a
hard ferromagnetic object), and a rotational accuracy
with which the edge of the gear tooth is identified (or,
more generally, the positional accuracy with which an
edge of a ferromagnetic object can be identified). Ulti-
mately, accuracy refers to output signal edge placement
accuracy and consistency with respect to gear tooth edg-
es passing by the magnetic field sensor.
[0064] The terms "parallel" and" perpendicular" are
used in various contexts herein. It should be understood
that the terms parallel and perpendicular do not require
exact perpendicularity or exact parallelism, but instead
it is intended that normal manufacturing tolerances apply,
which tolerances depend upon the context in which the
terms are used. In some instances, the term "substan-
tially" is used to modify the terms "parallel" or "perpen-
dicular." In general, use of the term "substantially" reflects

angles that are beyond manufacturing tolerances, for ex-
ample, within +/- ten degrees.
[0065] It is desirable for magnetic field sensors to
achieve a certain level or amount of accuracy even in the
presence of variations in an air gap between the magnetic
field sensor and the gear that may change from installa-
tion to installation or from time to time. It is also desirable
for magnetic field sensors to achieve accuracy even in
the presence of variations in relative positions of the mag-
net and the magnetic field sensing element within the
magnetic field sensor. It is also desirable for magnetic
field sensors to achieve accuracy even in the presence
of unit-to-unit variations in the magnetic field generated
by a magnet within the magnetic field sensors. It is also
desirable for magnetic field sensors to achieve accuracy
even in the presence of variations of an axial rotation of
the magnetic field sensors relative to the gear. It is also
desirable for magnetic field sensors to achieve accuracy
even in the presence of temperature variations of the
magnetic field sensors.
[0066] Examples below describe a particular gear as
may be used upon an engine camshaft target object.
However, similar circuits and techniques can be used
with other cams or gears disposed upon the engine cam-
shaft, or upon other rotating parts of an engine (e.g.,
crank shaft, transmission gear, anti-lock braking system
(ABS)), or upon rotating parts of a device that is not an
engine. Other applications may include linear translation
sensors or other sensors where the target is not a rotating
gear. The gear (or target) is not a part of the magnetic
field sensors described below. The gear can have ferro-
magnetic gear teeth, which are generally soft ferromag-
netic objects, but which can also be hard ferromagnetic
objects, patterns, or domains which may or may not have
actual physical changes in their shape.
[0067] Also, while examples are shown below of mag-
netic field sensors that can sense ferromagnetic gear
teeth or gear teeth edges upon a gear configured to ro-
tate, the magnetic field sensors can be used in other ap-
plications. The other applications include, but are not lim-
ited to, sensing ferromagnetic objects upon a structure
configured to move linearly.
[0068] As used herein, the term "baseline" and the
phrase "baseline level" are used to describe a lowest
magnitude (which may be near zero or may be some
other magnetic field) of a magnetic field experienced by
a magnetic field sensing element within a magnetic field
sensor when the magnetic field sensor is operating in a
system. In some systems, this lowest magnetic field oc-
curs when a magnetic field sensor is proximate to a gear
valley as opposed to a gear tooth.
[0069] It will be understood that, in general, a differ-
ence between the baseline level and a higher level
achieved, for example, when a gear tooth is proximate
to a magnetic field sensor, is related to an ability of the
magnetic field sensor to differentiate between a gear
tooth and a valley, and thus, related to accuracy of the
magnetic field sensor.
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[0070] While it is described above that a baseline level
is generated when a magnetic field sensor is proximate
to a gear valley and a higher level is achieved when the
magnetic field sensor is proximate to a gear tooth, other
physical arrangements are also possible, for example, a
reverse arrangement for which a baseline level is gen-
erated when a magnetic field sensor is proximate to a
gear tooth and a higher level is achieved when the mag-
netic field sensor is proximate to a gear valley.
[0071] Referring to FIG. 1, an exemplary conventional
magnetic field sensor 10 is responsive to a gear 22 having
ferromagnetic gear teeth, e.g., gear teeth 22a, 22b, 22c.
It should be recognized that the gear 22 is but one type
of "target object" or simply "target" which the magnetic
field sensor 10 can be responsive.
[0072] The magnetic field sensor 10 includes a mag-
netic field sensing element 12 coupled to an electronic
circuit 16. The magnetic field sensing element 12 and
the electronic circuit 16 can be disposed upon (i.e., inte-
grated within or upon) a substrate 14. For clarity, here
the magnetic field sensing element 12 is shown to be a
Hall element with an exaggerated size, and rotated out
of the plane of the substrate 14. Furthermore, for clarity,
the Hall element 12 is shown to be on top of the substrate
14, but it will be appreciated that Hall elements are usually
disposed upon or within a surface of a substrate of an
integrated circuit.
[0073] The magnetic field sensor 10 can also include
a magnet 18 (e.g. a permanent magnet or hard ferromag-
netic material). The magnet 18 is configured to generate
a magnetic field, which is generally directed along an axis
24 at the position of the magnetic field sensing element
12, and which is subject to direction and amplitude chang-
es depending upon positions of the gear teeth 22a, 22b,
22c relative to the magnetic field sensor 10. However,
the structure of the magnetic field at faces of the magnet
18 can be more complex due to a core 20.
[0074] The electronic circuit 16 is configured to gener-
ate an output signal (not shown). The output signal, when
the gear is not moving, is indicative of whether the mag-
netic field sensor 10 is over a gear tooth or a gear valley.
Thus, the magnetic field sensor 10 is sometimes referred
to as a "tooth detector" as opposed to an "edge detector."
The output signal, when the gear is rotating, has an edge
rate or a frequency indicative of a speed of rotation of
the gear. Edges or transitions of states of the output sig-
nal can be used to identify positions of edges of the gear
teeth as they pass by the magnetic field sensor.
[0075] The magnet 18 can include the central core 20
comprised of a soft ferromagnetic material disposed with-
in the magnet 18. An exemplary magnet with a core is
described in U.S. Patent No. 6,278,269, entitled "Magnet
Structure," issued August 21, 2001, which patent is as-
signed to the assignee of the present invention and in-
corporated herein by reference in its entirety. As de-
scribed in U.S. Patent No. 6,278,269, the pole configu-
ration provided by the magnet 18 with the core 20 lowers
the base field (or baseline) of a flux density of the mag-

netic field at some points above the surface of the core
20 (e.g., to the left of the core as shown) when a valley
of the gear 22 is proximate to the magnetic field sensor
10. A predetermined baseline (e.g., within a range of
about +/ six hundred Gauss) at the magnetic field sensing
element 12, and a resulting differential magnetic field sig-
nal 12a, 12b (i.e., an analog differential proximity signal)
near zero, can be achieved with proper design.
[0076] In contrast, when a gear tooth of the gear 22 is
proximate to the magnetic field sensing element 12, the
magnetic field sensing element 12 experiences a higher
magnetic field and generates the differential magnetic
field signal 12a, 12b with a higher value. As described
above, a difference between the baseline magnetic field
and the higher magnetic field is related to ultimate accu-
racy of the magnetic field sensor 10.
[0077] The baseline magnetic field, which can occur
when the magnetic field sensor 10 is proximate to a valley
in the gear 22, remains relatively low, with little change,
even as the air gap between the gear 22 and the magnetic
field sensor 10 varies. This advantageous result of low
baseline substantially independent of air gap is achieved
by operation of the core 20, which results in opposite
magnetic poles being presented at the face of the core
20 (i.e., left side as shown) proximate to the magnetic
field sensing element 12, particularly when the magnetic
field sensing element 12 is proximate to a valley in the
gear 22. This effect is also described in U.S. Patent
Number 5,781,005, issued July 14, 1998, entitled "Hall-
Effect Ferromagnetic-Article-Proximity Sensor," which
patent is assigned to the assignee of the present inven-
tion and incorporated herein by reference in its entirety.
[0078] The above-described low baseline, which oc-
curs when the magnetic field sensor is proximate to a
gear valley, results in an enhanced ability of the electronic
circuit 16 to differentiate the presence of the gear tooth
from a gear valley.
[0079] The above-described low baseline also pro-
vides an ability to more easily compensate for tempera-
ture effects, since the baseline magnetic field is relatively
small, and therefore, circuit variations that occur due to
temperature can have less influence when the magnetic
field sensor 10 is proximate to a valley in the gear 22.
Essentially, any error in the circuitry is able to be well
corrected near the baseline magnetic field level or range,
since any multiplication of the error (near zero) is smaller.
Therefore, a magnetic field threshold used to distinguish
a tooth from a valley can be made smaller while main-
taining precision because there is less noise or error in
the system over its operating conditions such as temper-
ature, or humidity.
[0080] The magnetic field described above and provid-
ed by the magnet 18 with the core 20 results in an im-
proved accuracy of the magnetic field sensor 10. For ex-
ample, the low baseline allows the magnetic field sensing
element 12 to be somewhat statically misaligned from a
center of the magnet 18, as will occur due to unit-to-unit
variations of mechanical alignments, without sacrificing
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accuracy of the magnetic field sensor 10. Accuracy is
discussed above.
[0081] Referring now to FIG. 1A, an exemplary con-
ventional electronic circuit 50 can be the same as or sim-
ilar to electronic circuit 16 of FIG. 1. The electronic circuit
50 can include in amplifier 54 coupled to receive a differ-
ential signal 52a, 52b, which can be the same as or similar
to the differential signal 12a, 12b generated by the mag-
netic field sensing element 12 of FIG. 1. The amplifier 54
is configured to generate an amplified signal 54a, which,
in some embodiments, can split into two channels, a
TPOS detector channel and a precision rotation detector
channel.
[0082] In the true power on state (TPOS) channel, a
TPOS detector 56 can be coupled to receive the amplified
signal 54a and configured to generate a TPOS output
signal 56a. In some embodiments, the TPOS detector
56 can include a comparator (not shown) configured to
compare the amplified signal 54a with a fixed (and
trimmed) threshold. In these embodiments, the TPOS
output signal 56a can be a two-state binary signal for
which a high state is indicative of a gear tooth being prox-
imate to the magnetic field sensor 10 of FIG. 1 and a low
state is indicative of a gear valley being proximate to the
magnetic field sensor 10, or vice versa.
[0083] In the precision rotation detector channel, an
automatic gain control (AGC) 58 can be coupled to re-
ceive the amplified signal 54a and configured to generate
a gain controlled signal 58a. A precision rotation detector
60 can be coupled to receive the gain controlled signal
58a and configured to generate a precision rotation de-
tector output signal 60a. Like the TPOS output signal
56a, the precision rotation detector output signal 60a can
be a two-state binary signal for which a high state is in-
dicative of a gear tooth being proximate to the magnetic
field sensor 10 of FIG. 1 and a low state is indicative of
a gear valley being proximate to the magnetic field sensor
10, or vice versa. Thus, both the TPOS detector 56 and
the precision rotation detector 60 can be "tooth detec-
tors." However, it should be understood that the precision
rotation detector channel uses the AGC 58, which, when
the gear 22 is not rotating, will settle to an undesirable
gain, resulting, once the gear 22 starts to rotate, in a
period of time during which the gain is incorrect and the
precision rotation detector is not fully accurate. Even if
the AGC 58 were not used, still the precision rotation
detector 60 uses internal thresholds that are properly up-
dated only when the gear 22 is rotating. However, in other
embodiments, the threshold can be supplied from outside
of the electronic circuit 50.
[0084] In some alternate embodiments, the precision
rotation detector 60 can be an "edge detector," which is
unable to identify whether the magnetic field sensor 102
is proximate to a gear tooth or a gear valley, particularly
when the gear is not moving, but which is able to sense
edges of gear teeth as they move past the magnetic field
sensor 350.
[0085] Precision rotation detectors, e.g., the precision

rotation detector 60, can have a variety of configurations.
Some configurations are described in the above men-
tioned U.S. Patent No. 6,525,531. However, other forms
of precision rotation detectors are also known, including
some that have two or more magnetic field sensing ele-
ments.
[0086] In general, from discussion above, it will be ap-
preciated that the TPOS output signal 56a is indicative
of whether the magnetic field sensing element 12 is prox-
imate to a gear tooth or a gear valley, even when the
gear, e.g., the gear 22 of FIG. 1, is stationary. However,
since the TPOS detector 56 uses a fixed threshold, in
some embodiments, having limited adjustment at power
up, variations in the edge placement in the TPOS output
signal 56a will occur due to a variety of factors, including,
but not limited to, temperature variations, and variations
in the air gap between the magnetic field sensing element
12 and the gear 22.
[0087] Unlike the TPOS detector 56, which uses fixed
thresholds, the precision rotation detector 60 continually
makes adjustments of thresholds to provide the precision
rotation detector output signal 60a with better accuracy
of edge placements of the precision rotation detector out-
put signal 60a relative to physical positions of gear teeth.
As described above, in part, it is these adjustments that
make the precision rotation detector less accurate when
it is first powered up or when the gear 22 first starts to
rotate.
[0088] In some embodiments for which the TPOS de-
tector and the precision rotation detector 60 are integrat-
ed onto a common substrate, a multiplexer/output mod-
ule 62 can be coupled to receive the TPOS output signal
56a and coupled to receive the precision rotation detector
output signal 60a. Select logic 64 can provide a selection
signal 64a, received by the multiplexer/output module
62. Depending upon the state of the selection signal 64a,
the multiplexer/output module 62 is configured to gener-
ate an output signal 62a representative of a selected one
of the TPOS output signal 56a or the precision rotation
detector output signal 60a. The output signal 62a can be
provided in a variety of signal formats, including, but not
limited to, a SENT format, an I2C format, a PWM format,
or a two-state format native to the TPOS output signal
56a and to the precision rotation detector output signal
60a.
[0089] In some exemplary embodiments, the select
logic 64 selects the output signal 62a to be representative
of the TPOS output signal 56a for a predetermined
amount of time after the gear 22 starts rotating as indi-
cated by the TPOS output signal 56a. Thereafter, the
select logic 64 selects the output signal 62a to be repre-
sentative of the precision rotation detector output signal
60a.
[0090] Referring now to FIG. 2, another exemplary
conventional magnetic field sensor 300 is like the mag-
netic field sensor 10 of FIG. 1. The magnetic field sensor
300 includes a magnetic field sensing element 304 dis-
posed on or in a substrate 302 along with an electronic
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circuit 306. A cylindrical magnet 308 having a core 310
is disposed proximate to and axially aligned with the mag-
netic field sensing element 304 along an axis 322 passing
through an axis of the cylindrical magnet 308.
[0091] The substrate 302 can be the same as or similar
to the substrate 14 of FIG. 1, the magnetic field sensing
element 304 can be the same as or similar to the magnetic
field sensing element 12 of FIG. 1, the electronic circuit
306 can be the same as or similar to the electronic circuit
16 of FIG. 1, the magnet 308 can be the same as or
similar to the magnet 18 of FIG. 1, and the core 310 can
be the same as or similar to the core 20 of FIG. 1. A gear
312 having gear teeth 312a, 312b, 312c can be the same
as or similar to the gear 22 of FIG. 1, which has gear
teeth 22a, 22b, 22c. It should be noted that the spacing
or height or depth of the gear teeth may be wider or small-
er than shown here and in figures described below.
[0092] The magnetic field sensing element 304 is gen-
erally aligned with the center of the core 310. The target
or soft ferromagnetic teeth of the gear 312 are centered
with the axis 322 of the magnet 308, and not offset other
than by the manufacturing tolerances required to meet
the desired performance.
[0093] It will be understood that the magnet 308 having
the core 310 is expensive compared to a simple uniform
magnet.
[0094] The magnetic field sensor 300 can rotate
though a number of degrees, for example, through +/-
one hundred eighty degrees (i.e., through three hundred
sixty degrees), about the axis 322 as represented by an
arrow 316 without loss of accuracy, with minimal loss or
accuracy, or with a loss of accuracy acceptable for an
application in which the magnetic field sensor 300 is
used. The magnetic field sensor 300 can also rotate
though a number of degrees, for example, through +/-
twenty degrees, in a direction of an arrow 318, i.e., about
a y-axis in an x-z plane of orthogonal axes 320, with a
center of rotation at the magnetic field sensing element
304, with minimal performance variation.
[0095] Referring now to FIG. 3, a magnetic field sensor
350 includes a substrate 352. The substrate 352 has a
first major surface 352a. A first dimension 366 across the
first major surface 352a of the substrate 352 defines a
width of the substrate 352 and a second dimension (not
shown, into the page) across the first major surface 352a
of the substrate 352 perpendicular to the first dimension
366 defines a length of the substrate 352. A second major
surface 352b is parallel, or parallel within manufacturing
and assembly tolerances, to the first major surface 352a.
The substrate has first and second substrate edges 352c,
352d, respectively, at ends of the width of the substrate
352. The substrate 352 has a center axis 352e perpen-
dicular to the first and second major surfaces 352a, 352b,
respectively, of the substrate 352 and centered within
the width and length of the substrate 352.
[0096] As used herein as above in reference to the
substrate 352, the word "edge’ refers essentially to a rel-
atively small surface.

[0097] While a leadframe and leads are not shown here
or in figures below, in some embodiments, the substrate
352 here, and also substrates shown in figures below,
are disposed upon a number of lead fingers of a lead-
frame in a flip-chip arrangement, in which an active sur-
face of the substrate is disposed toward the leadframe.
However, in other embodiments, the active surface of
the substrate is disposed away from the leadframe which
may include a base plate to support the die, while in other
embodiments the die is placed across multiple die attach
areas of the leadframe, and the die or substrate may be
attached to the leadframe using standard packaging
techniques, which include, but are not limited to, epoxy
die attach (either conductive or non-conductive depend-
ing on the requirements), or die attach tape, and using
wire bonding.
[0098] The magnetic field sensor 350 also includes a
magnet 368, which has a first major surface 368a prox-
imate to the substrate 352. A first dimension 370 across
the first major surface 368a of the magnet 368 defines a
width of the magnet and a second dimension (not shown,
into the page) across the first major surface 368a of the
magnet 368 perpendicular to the first dimension 370 de-
fines a length of the magnet 368. The magnet 368 has a
second major surface 368b distal from the substrate 352
and parallel to the first major surface 368a of the magnet
368. The magnet 368 has third and fourth major opposing
surfaces 368c, 368d, respectively, at ends of the width
of the magnet 368. The magnet 368 has a center axis
360, a geometric axis, perpendicular to the first and sec-
ond major surfaces 368a, 368b of the magnet 368 and
centered within the width and length of the magnet 368.
[0099] The magnet can have a north pole, N, at the
fourth major surface 368d and a south pole, S, at the
third major surface 368c.
[0100] The magnetic field sensor 350 also includes a
magnetic field sensing element 354 disposed upon or
within the first major surface 352a or the second major
surface 352b of the substrate 352. The magnetic field
sensing element 354 is configured to generate a so-
called "magnetic field signal" (an electronic signal).
[0101] The magnetic field sensing element 354 in-
cludes a center upon the first major surface 352a or the
second major surface 352b of the substrate 352 and a
center axis 380 generally parallel to the center axis 360
of the magnet. The center axis 380 of the magnetic field
sensing element 354 is substantially closer to the fourth
major surface 368d of the magnet 368 than to the center
axis 360 of the magnet 368. In other words, a dimension
364 is substantially smaller than a dimension 362.
[0102] In one particular embodiment as shown, the
center axis 380 of the magnetic field sensing element
354 is at or beyond the width of the magnet 368, the width
of the magnet 368 defined by the dimension line 370. In
these embodiments, a distance between the center axis
360 of the magnet 368 and the center axis 380 of the
magnetic field sensing element 354 is greater than or
equal to a distance from the center axis 360 of the magnet
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380 to one of the third or fourth surfaces 368c, 368d of
the magnet 368.
[0103] However, in other embodiments, the center axis
380 of the magnetic field sensing element 354 is within
the width of the magnet 368 but still such that the center
axis 380 of the magnetic field sensing element 354 is
substantially closer to one of the third or fourth surfaces
368c, 368d of the magnet 368 than to the center axis 360
of the magnet 368.
[0104] The magnetic field sensor 350 can include an
electronic circuit 358 disposed on or in the substrate 352.
While the magnetic field sensing element 354 is shown
to be on the same side of the substrate 352 as the elec-
tronic circuit, in some other embodiments, the electronic
circuit 358 is on the opposite side of the substrate 352
as the magnetic field sensing element 354. One way to
achieve the electronic circuit 352and the magnetic field
sensing element 354 on opposite sides of the substrate
352 would be to use through silicon vias (TSVs) or other
through via techniques. In other embodiments, the mag-
netic field sensor 350 can employ a multi-chip structure
having a flip chip on die arrangement, or die on die ar-
rangement with wire bonding for which the electronic cir-
cuit 358 can be on one substrate and the magnetic field
sensing element 354 can be on another substrate. The
same applies to other arrangements described in figures
below.
[0105] It is shown that the center axis 352e of the sub-
strate 352 is slightly offset from the center axis 360 of
the magnet 368. This offset is shown merely for clarity,
and, in some embodiments, the center axis 352e of the
substrate 352 is aligned with the center axis 360 of the
magnet 368. However, embodiments for which the center
axes 352e, 360 do not align are also possible.
[0106] In some embodiments, as shown, the center
axis 360 of the magnet 368 and the center axis 352e of
the substrate 352 intersect the gear 370, but do not in-
tersect a center of rotation 382 of the gear 370. Instead,
the magnetic field sensor 350 can be offset along an x-
axis of orthogonal rectangular coordinates 376 such that
the center axis 380 of the magnetic field sensing element
354 intersects the center of rotation 382 of the gear 370.
However, in other embodiments, the center axis 380 of
the magnetic field sensing element 354 does not intersect
the center of rotation 382 of the gear 370, but still the
magnetic field or magnetic flux changes enough by the
rotation of the target or gear 370 that gear teeth and val-
leys may be detected by the magnetic field sensor 350.
[0107] It will be appreciated that the magnet 368 can
be comprised of a hard ferromagnetic material. Unlike
the conventional magnet 308 of FIG. 2, in some embod-
iments, the magnet 368 can be comprised of one uniform
material, and can have no central core. Lacking the cen-
tral core 20 of FIG. 1, the magnet 368 can be less ex-
pensive than the magnet 18 of FIG. 1 or the magnet 308
of FIG. 2. In some embodiments, the magnet 368 is a
molded part formed, for example, as a mixture of a pol-
ymer and magnetic (i.e., hard ferromagnetic) particles.

[0108] Illustrative hard ferromagnetic materials that
can be used as magnetic particles within the ferromag-
netic mold material include, but are not limited to, hard
ferromagnetic ferrites, SmCo alloys, and NdFeB alloy
materials. Also, Plastiform® materials by Arnold Magnet-
ic Technologies Corp. or other plastic compounds with
hard ferromagnetic particles, for example a thermoset
polymer such as polyphenylene sulfide material (PPS)
or nylon material containing SmCo, NdFeB, or hard fer-
romagnetic ferrite magnetic particles; or a thermoset pol-
ymer such as SUMIKON®EME of Sumitomo Bakelite
Co., Ltd or similar type of thermoset mold material con-
taining hard ferromagnetic particles can be used. In some
embodiments it may be desirable to align the hard ferro-
magnetic particles during molding to form a more isotrop-
ic or directional permanent magnetic material by molding
in the presence of a magnetic field; whereas, in other
embodiments, a sufficient magnet may result without an
alignment step during molding. It will be appreciated that
an NdFeB or a SmCo alloy may contain other elements
to improve temperature performance, magnetic coer-
cively, or other magnetic properties useful to a magnetic
design.
[0109] In some other embodiments, the magnet 368
has a core or concentrator comprised of a soft ferromag-
netic material like the core 310 and the magnet 308 of
FIG. 2. However, it should be apparent that the magnet
without a core leads to a lower cost magnetic field sensor.
In some embodiments, the magnet 368 is rectangular,
and in other embodiments, the magnet 368 is cylindrical.
In some other embodiments, the magnet 368 has another
shape, for example, square, oral, or oblong. Other
shapes not listed herein are also possible.
[0110] In some alternate embodiments, the magnet
368 (and other similar magnets described in figures be-
low) can include a sheet of soft ferromagnetic material
on one side of the magnet 368, for example, side 368c.
[0111] The magnetic field sensing element 354 is
shown to be disposed within the substrate, which may
be indicative of a Hall element. However, the magnetic
field sensing element 354 can be any type of magnetic
field sensing element. In some embodiments, the mag-
netic field sensing element 354 comprises a Hall element,
for example, a planar Hall element or a vertical Hall ele-
ment. In some embodiments, the magnetic field sensing
354 element comprises a magnetoresistance element of
a type described above, or a plurality of magnetoresist-
ance elements coupled in a bridge arrangement.
[0112] In some embodiments, a major axis of sensitiv-
ity of the magnetic field sensing element 352 is parallel
to the first surface 352a of the substrate 352 and parallel
to the width dimension 366 of the substrate 352. In other
embodiments, the major axis of sensitivity of the mag-
netic field sensing element 354 is perpendicular to the
first surface 352a of the substrate 352.
[0113] It will be understood that different types of mag-
netic field sensing elements may be used in or for differ-
ent applications. The type of magnetic field sensing ele-
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ment can be selected based upon the magnetic field lev-
els to be sensed or present in the operating environment,
the geometry of the gear or target to be sensed, as well
as the changes in magnetic field to be sensed. For ex-
ample, giant magnetoresistance (GMR) elements tend
to have higher sensitivities to magnetic fields than Hall
elements. A higher sensitivity magnetic field sensing el-
ement, such as an AMR, GMR, or a spin-valve, may be
preferred for sensing lower magnetic field levels present
in geometries where air gaps, i.e., distances between the
target and the magnetic field sensor are large.
[0114] In some embodiments, a combination of two or
more different types of sensing elements may be used
on the same magnetic field sensor at the position of el-
ement 354, or integrated circuit, for example, but not lim-
ited to, a vertical Hall element and a GMR element having
different sensitivities, or two planar Hall elements with
different sensitivities, integrated on the same substrate.
The two different sensitivities can be used to result in a
magnetic field sensor that has two different operating
ranges.
[0115] It will be understood that circuits that use two
magnetic field sensing elements can be similar to the
electronic circuit 50 of FIG. 1, but having two different
selectable input amplifiers. In another embodiment a sin-
gle input amplifier may be used and a set of switches can
input the signals from one of the two selected sensing
elements at a time. In such an embodiment the input
amplifier may have a variable gain selectable based on
the state of the switches between the sensing elements
and the input amplifier.
[0116] Hysteresis of some types of magnetic field
sensing elements can make them less desirable for a
particular application. Cost is also a consideration, since
some types of magnetic field sensing elements may re-
quire specialized processing. It also may be possible to
utilize a multi-chip approach.
[0117] As described above, the magnet 368 can have
a north pole, N, at the fourth surface 368d and a south
pole, S, at the third surface 368c, a line between which
is parallel to the first major surface 352a of the substrate
352. With this particular arrangement, magnetic flux (or
field) lines pass through the third and fourth surfaces
368c, 368d of the magnet 368 in a direction generally
perpendicular to the surfaces 368c, 368d. When the mag-
netic field sensing element 354 is proximate to a valley
in the gear 370, the magnetic flux lines pass through the
magnetic field sensing element 354 in a direction gener-
ally perpendicular to, but, depending on the exact relative
positions of the magnetic field sensing element 354, the
magnet 368, and the gear 370, possibly at another angle
relative to the surface 352a of the substrate 352. In op-
eration, the angle of the magnetic field relative to the
surface 352a of the substrate 352, as well as a magnitude
of the magnetic field, change as gear teeth and valleys
pass by the magnetic field sensor 350 as the gear 370
rotates.
[0118] For embodiments in which the major response

axis of the magnetic field sensing element 354 is perpen-
dicular to the first surface 352a of the substrate 352, e.g.,
for a planar Hall element, when the magnetic field sensing
element 354 is proximate to a valley in the gear 370, the
magnetic field passing through the magnetic field sensing
element 354 is at a first angle, which is between parallel
and perpendicular to the major axis of sensitivity of the
magnetic field sensing element 354, the magnetic field
has a first magnitude, and an output signal from the mag-
netic field sensing element 354 has a first amplitude.
However, when the magnetic field sensing element 354
is proximate to a gear tooth, the magnetic field passing
through the magnetic field sensing element 354 is redi-
rected by the gear tooth to be at a second different angle,
which is also between parallel and perpendicular to the
major response axis of the magnetic field sensing ele-
ment 354, and/or to have a second different magnitude,
and an output signal from the magnetic field sensing el-
ement 354 has a second different amplitude.
[0119] In a first non-limiting example, when the mag-
netic field sensing element 354 is proximate to a valley
in the gear 370, a magnetic field signal generated by the
magnetic field sensing element 354 is lower than when
a gear tooth of the gear 370 is near the magnetic field
sensing element 354, due to a larger angle of the mag-
netic flux between a flux vector and the major response
axis of the magnetic field sensing element 354 (planar
Hall type of element in the example). Thus the magnetic
field is more aligned with the major response axis when
the tooth is close and this results in a larger magnetic
field signal. The magnetic field sensor 350 forms a tooth
detector.
[0120] It should be apparent that the relative positions
of the magnetic sensing element 354, the magnet 368,
and the gear 370 can change the angle of the magnetic
flux (field) lines and/or the magnitude of the magnetic
field passing through the magnetic field sensing element
354. Thus, in a second non-limiting example, at some
relative positions, the above-described lower magnetic
field signal generated by the magnetic field sensing ele-
ment 354 when proximate to a valley in the gear 354 may
instead be lower when the magnetic field sensing ele-
ment 354 is proximate to a tooth
[0121] It should be recognized that all embodiments
that result in a measureable change in magnetic field
strength at the magnetic field sensing element 354 for
gear valleys versus gear teeth are encompassed by ar-
rangements described herein.
[0122] For embodiments in which the major response
axis of the magnetic field sensing element 354 is parallel
to the first surface 352a of the substrate 352, e.g., for a
GMR magnetoresistance element, signal polarity may be
reversed from that described above.
[0123] It should be apparent that the selection of the
type of magnetic field sensing element, e.g., direction of
the axis of sensitivity, will influence the baseline level for
a particular application or design.
[0124] The magnetic field sensor 350, and the simple
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magnet 368 having no core in particular, typically provide
a higher (and therefore, less desirable) magnetic field
baseline level (e.g., when the magnetic field sensor 350
is proximate to a valley (or tooth) in the gear 370) than
the baseline levels described above in conjunction with
FIGS. 1 and 2, for which a magnet with a core is used.
However, the overall change in magnetic field direction
and magnitude at the position of the magnetic field sens-
ing element 354 is sufficient as gear teeth and valleys
pass by for the magnetic field sensor 350 to determine
the state of the target as a tooth or a valley. Thus, the
magnetic field sensor 350 still provides a good discrimi-
nation of gear teeth from gear valleys.
[0125] The electronic circuit 358 can be the same as
or similar to the electronic circuit 50 of FIG. 1A.
[0126] Particularly for gear teeth that are wide in x and
y directions, the magnetic field sensor 350 can rotate
though a number of degrees, for example, through +/-
one hundred eighty degrees (i.e., through three hundred
sixty degrees), about the center axis 380 of the magnetic
field sensing element 354 as represented by an arrow
372. The rotation results in minimal performance varia-
tion. The magnetic field sensor 350 can also rotate
though a number of degrees, for example, through +/-
twenty degrees, in a direction of an arrow 374, i.e., about
a y-axis in an x-z plane of orthogonal axes 376, with a
center of rotation at the magnetic field sensing element
354, with minimal performance variation.
[0127] Referring now to FIG. 3A, in which like elements
of FIG. 3 are shown having like reference designations,
a magnetic field sensor 400 is like the magnetic field sen-
sor 350 of FIG. 3, except that a magnet 402 replaces the
magnet 368 of FIG. 3. The magnet 402 has a first major
surface 402a proximate to the substrate 352. The first
dimension 370 across the first major surface 402a of the
magnet 402 defines a width of the magnet 402 and the
second dimension (not shown, into the page) across the
first major surface 402a of the magnet 402 perpendicular
to the first dimension defines a length of the magnet 402.
The magnet 402 also has a second major surface 402b
distal from the substrate 352 and substantially parallel to
the first major surface 402a of the magnet 402. The mag-
net 402 has third and fourth major surfaces 402c, 402d,
respectively, at ends of the width of the magnet 402. The
magnet 402 has the center axis 360, a geometric axis,
perpendicular to the first and second major surfaces
402a, 402b of the magnet 402 and centered within the
width and length of the magnet 402.
[0128] Unlike the magnet 368 of FIG. 3, the magnet
402 has a north pole, N, at the first surface 402a, and a
south pole, S, at the second surface 402b, a line between
which is perpendicular to the first major surface 352a of
the substrate 352. With this particular arrangement, mag-
netic flux lines pass through the first and second surfaces
402a, 402b of the magnet 402 in a direction generally
perpendicular to the surfaces 402a, 402b. Like the mag-
netic field sensor 350 of FIG. 3, when the magnetic field
sensing element 354 is proximate to a gear valley, the

magnetic flux lines pass through the magnetic field sens-
ing element 354 in a direction generally perpendicular to,
but, possibly at another angle relative to, the surface 352a
of the substrate 352. In operation, the angle of the mag-
netic field, as well as a magnitude of the magnetic field,
change as gear teeth and valleys pass by the magnetic
field sensor 400 as the gear 370 rotates.
[0129] As described above in conjunction with FIG. 3,
relative positions of the magnetic field sensing element
354, the magnet 402, and the gear 370 can influence the
angle of the magnetic flux lines passing through the mag-
netic field sensing element 354 and/or the magnitude of
the magnetic field passing through the magnetic field
sensing element 354. Thus, as described above in first
and second non-limiting examples described in conjunc-
tion with FIG. 3, depending upon relative positions, a val-
ley in the gear 370 being proximate to the magnetic field
sensing element 354 can result in a smaller magnetic
field signal generated by the magnetic field sensing ele-
ment 354, or a tooth of the gear 370 being proximate to
the magnetic field sensing element 354 can result in a
smaller magnetic field signal being generated by the
magnetic field sensing elements 354. The magnetic field
sensor 400 forms a tooth detector.
[0130] As described above in conjunction with FIG. 3,
the magnetic field sensing element 354 includes the cent-
er upon the first major surface 352a or the second major
surface 352b of the substrate 352 and the center axis
380 generally parallel to the center axis 360 of the magnet
402 The center axis 380 of the magnetic field sensing
element 354 is substantially closer to the fourth major
surface 402d of the magnet 402 than to the center axis
360 of the magnet 402. In other words, a dimension 364
is substantially smaller than a dimension 362.
[0131] Various arrangements of magnetic field sen-
sors are shown below in conjunction with FIGS. 3B and
3C. In each of these various arrangements, a magnet is
shown having the orientation of that shown in conjunction
with FIG. 3. It should be appreciated that, in alternate
embodiments (not shown), embodiments like those
shown below in FIGS. 3B and 3C can instead have a
magnet with an orientation of poles such as the magnet
402 shown in conjunction with FIG. 3A.
[0132] Referring now to FIG. 3B, a magnetic field sen-
sor 450 includes a substrate 452. The substrate 452 has
a first major surface 452a. A first dimension 476 across
the first major surface 452a of the substrate 452 defines
a width of the substrate 452 and a second dimension (not
shown, into the page) across the first major surface 452a
of the substrate 452 perpendicular to the first dimension
476 defines a length of the substrate 452. The substrate
has first and second substrate edges 452c, 452d, respec-
tively, at ends of the width of the substrate 452. A second
major surface 452b of the substrate 452 is parallel to the
first major surface 452a. The substrate 452 has a center
axis 452e, a geometric axis, perpendicular to the first and
second major surfaces 452a, 452b, respectively, of the
substrate 452 and centered within the width and length
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of the substrate 452.
[0133] The magnetic field sensor 450 also includes a
magnet 458, which has a first major surface 458a prox-
imate to the substrate 452. A first dimension 474 across
the first major surface 458a of the magnet 458 defines a
width of the magnet and a second dimension (not shown,
into the page) across the first major surface 458a of the
magnet 458 perpendicular to the first dimension defines
a length of the magnet 458. The magnet 458 has a second
major surface 458b distal from the substrate 452 and
substantially parallel to the first major surface 458a of
the magnet 458. The magnet 458 has third and fourth
major opposing surface 458c, 458d, respectively, at ends
of the width of the magnet 458. The magnet 458 has a
center axis 470, a geometric axis, perpendicular to the
first and second major surfaces 458a, 458b of the magnet
458 and centered within the width and length of the mag-
net 458.
[0134] The magnetic field sensor 450 also includes a
magnetic field sensing element 454 disposed upon or
within the first major surface 452a or the second major
surface 452b of the substrate 452. The magnetic field
sensing element 454 is configured to generate a mag-
netic field signal (an electronic signal).
[0135] The magnetic field sensing element 454 in-
cludes a center upon the first major surface 452a or the
second major surface 452b of the substrate 452 and a
center axis 456 generally parallel to the center axis 470
of the magnet 458. The center axis 456 of the magnetic
field sensing element 454 is substantially closer to the
fourth surface 458d of the magnet 458 than to the center
axis 470 of the magnet 458. In other words, a dimension
474 is substantially smaller than a dimension 478.
[0136] In one particular embodiment as shown, the
center axis 456 of the magnetic field sensing element
454 is at or beyond the width of the magnet 458, the width
of the magnet 458 defined by the dimension line 474. In
these embodiments, a distance between the center axis
470 of the magnet 458 and the center axis 456 of the
magnetic field sensing element 454 is greater than or
equal to a distance from the center axis 470 of the magnet
458 to one of the third or fourth surface 458c, 458d of
the magnet 458.
[0137] However, in other embodiments, the magnetic
field sensing element 454 is within the width 470 of the
magnet 458 but still such that the center axis 456 of the
magnetic field sensing element 454 is substantially closer
to one of the third or fourth surfaces 458c, 458d of the
magnet 458 than to the center axis 470 of the magnet 458.
[0138] The magnetic field sensor 450 can include an
electronic circuit 472 disposed on the substrate 452. The
electronic circuit 472 can be the same as or similar to the
electronic circuit 50 of FIG. 1A
[0139] It is shown that the center axis 452e of the sub-
strate 452 is slightly offset from the center axis 470 of
the magnet 458. This offset is shown merely for clarity,
and, in some embodiments, the center axis 452e of the
substrate 452 is aligned with the center axis 470 of the

magnet 458. However, embodiments for which the center
axes 452e, 470 do not align are also possible.
[0140] In some embodiments, as shown, the center
axis 470 of the magnet 458 and the center axis 452e of
the substrate 452 intersect a gear 460, but do not inter-
sect a center of rotation 480 of the gear 460. Instead, the
magnetic field sensor 450 can be offset along an x-axis
of orthogonal rectangular coordinates 468 such that the
center axis 456 of the magnetic field sensing element
454 intersects the center of rotation 480 of the gear 460.
In other embodiments, the center axis 456 of the mag-
netic field sensing element 454 does not intersect the
center of rotation 480 of the gear 460.
[0141] It will be appreciated that the magnet 458 can
be comprised of a hard ferromagnetic material. Unlike
the conventional magnet 308 of FIG. 2, in some embod-
iments, the magnet 458 can be comprised of a single
uniform material and can have no central core. Lacking
the central core 20 of FIG. 1, the magnet 458 can be less
expensive than the magnet 18 of FIG. 1 or the magnet
308 of FIG. 2. In some embodiments, the magnet 458 is
a molded part formed, for example, as a mixture of a
polymer and magnetic (i.e., hard ferromagnetic) parti-
cles. Molded magnets having magnetic particles are de-
scribed above in conjunction with FIG. 3.
[0142] In some other embodiments, the magnet 458
has a core comprised of a different material like the mag-
net 308 of FIG. 2.
[0143] In some embodiments, the magnetic field sens-
ing element 454 comprises a Hall element, for example,
a planar Hall element or a vertical Hall element. In some
embodiments, the magnetic field sensing element 454
comprises a magnetoresistance element of a type de-
scribed above, or a plurality of magnetoresistance ele-
ments coupled in a bridge arrangement
[0144] In some embodiments, a major axis of sensitiv-
ity of the magnetic field sensing element 454 is parallel
to the first surface 452a of the substrate 454 and parallel
to the width dimension 476 of the substrate 452. In other
embodiments, the major axis of sensitivity of the mag-
netic field sensing element 454 is perpendicular to the
first surface 452a of the substrate 452.
[0145] As described above, the magnet 458 can have
a north pole, N, at the fourth surface 458d, and a south
pole, S, at the third surface 458c, a line between which
is parallel to the first major surface 452a of the substrate
452. With this particular arrangement, magnetic field
lines pass through the third and fourth surfaces 458c,
458d of the magnet 458 in a direction generally perpen-
dicular to the surfaces 458c, 458d. When the magnetic
field sensing element 454 is proximate to a gear valley,
the magnetic flux lines pass through the magnetic field
sensing element 454 in a direction generally perpendic-
ular to, but, depending upon the exact relative positions
of the magnetic field sensing element 454, the magnet
458, and the gear 460, possibly at another angle relative
to the surface 452a of the substrate 452. In operation,
the angle of the magnetic field, and/or a magnitude of
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the magnetic field, can change as gear teeth and valleys
pass by the magnetic field sensor 450 as the gear 460
rotates.
[0146] As described above in conjunction with FIG. 3,
relative positions of the magnetic field sensing element
454, the magnet 452, and the gear 460 can influence the
angle of the magnetic flux lines passing through the mag-
netic field sensing element 454 and/or the magnitude of
the magnetic field passing through the magnetic field
sensing element 454. Thus, as described above in first
and second non-limiting examples described in conjunc-
tion with FIG. 3, depending upon relative positions, a val-
ley in the gear 460 being proximate to the magnetic field
sensing element 454 can result in a smaller magnetic
field signal generated by the magnetic field sensing ele-
ment 454, or a tooth of the gear 460 being proximate to
the magnetic field sensing element 454 can result in a
smaller magnetic field signal being generated by the
magnetic field sensing elements 454. The magnetic field
sensor 450 forms a tooth detector.
[0147] First and second non-limiting examples de-
scribed above in conjunction with FIG. 3 also apply to
the magnetic field sensor 450. The magnetic field sensor
450 forms a tooth detector.
[0148] For embodiments in which the major response
axis of the magnetic field sensing element 454 is parallel
to the first surface 452a of the substrate 452, e.g., a GMR
magnetoresistance element, signal polarity may be re-
versed.
[0149] It should be apparent that the selection of the
type of magnetic field sensing element, e.g., direction of
axis of sensitivity, will influence the baseline level for a
particular application or design.
[0150] The magnetic field sensor 450, and the simple
magnet 458 having no core in particular, typically pro-
vides a higher (and less desirable) magnetic field base-
line level (e.g., when the magnetic field sensor 450 is
proximate to a valley (or tooth) in the gear 460) than the
baseline levels described above in conjunction with
FIGS. 1 and 2, for which a magnet with a core is used.
However, the overall change in magnetic field direction
and magnitude at the position of the magnetic field sens-
ing element 454 is sufficient as gear teeth and valleys
pass by the magnetic field sensor 450 to determine the
state of the target as tooth or valley. Thus, the magnetic
field sensor 450 still provides a good discrimination of
gear teeth from gear valleys.
[0151] The electronic circuit 472 can be the same as
or similar to the electronic circuit 50 of FIG. 1A.
[0152] Particularly for gear teeth that are wide in x and
y directions, the magnetic field sensor 450 can rotate
though a number of degrees, for example, through +/-
one hundred eighty degrees (i.e., though three hundred
sixty degrees), about the center axis 456 of the magnetic
field sensing element 454 as represented by an arrow
464. The rotation results in minimal performance varia-
tion. The magnetic field sensor 450 can also rotate
though a number of degrees, for example, through +/-

twenty degrees, in a direction of an arrow 466, i.e., about
a y-axis in an x-z plane of orthogonal axes 468, with a
center of rotation at the magnetic field sensing element
454 with minimal performance variation.
[0153] Referring now to FIG. 3C, in which like elements
of FIG. 3 are shown having like reference designations,
a magnetic field sensor 600 can include the substrate
352 having the magnetic field sensing element 354 and
the electronic circuit 358 disposed thereon. The substrate
352 can be coupled to a leadframe, here shown for clarity
having only two leads 606a, 606b, and not showing a
base plate under the substrate 352. It will be understood
that the leadframe has other parts, for example, a base
plate (not shown) or die attach areas (not shown) that
would be used in a case where the substrate 352 spans
multiple leads, each of which that may be positioned un-
der the substrate 352. For a flip chip device, the die attach
area may be comprised of lead fingers to connect the
substrate 352 to the leadframe with solder bumps, for
example.
[0154] The magnetic field sensor 600 can also include
the magnet 368. In some embodiments the magnetic field
sensor 600 includes an encapsulation 602 that surrounds
the substrate 352 and part of the leadframe 606a, 606b.
In these embodiments the magnet 368 can be coupled
to or affixed to the encapsulation 602 is shown, with ad-
hesive, epoxy, glue, tape, or the like.
[0155] In other embodiment the magnet 368 is at-
tached to the leadframe with adhesive, tape, glue, or an-
other method, prior to overmolding and is encapsulated
with mold compound, mold material, potting compound,
or other encapsulant at the same time as the substrate
352.
[0156] In other embodiments, in addition to or in place
of the encapsulation 602, the magnetic field sensor 600
can include a second encapsulation 604 that surrounds
at least the magnet 368. In some embodiments, the en-
capsulation 604 surrounds the magnet 368, the substrate
352, and also part of the leadframe 606a, 606b, for ex-
ample, in a single molding step. In another embodiment
the magnet 368 itself is molded with a hard ferromagnetic
molding material (described above) and may be dimen-
sioned to be inside of the first encapsulation 602 or out-
side the 602 boundary.
[0157] In some embodiments, one or more passive
components 608 may also be placed in the encapsulation
602, in the encapsulation 604 that extends down the
leads (e.g., 606a, 606b), or in a combination of the en-
capsulations 602, 604. Some such arrangements are de-
scribed in U.S. Patent Application No.13/748, 999, filed
January 24, 2013, entitled "Magnetic Field Sensor Inte-
grated Circuit With Integral Ferromagnetic Material," and
in U.S. Patent Application No. 13/871,131, filed April 26,
2012, and entitled "Integrated Circuit Package Having A
Split Lead Frame And A Magnet," which are both as-
signed to the assignee of the present invention, and
which are both incorporated by reference herein their en-
tireties.

27 28 



EP 3 168 634 A1

16

5

10

15

20

25

30

35

40

45

50

55

[0158] In some embodiments, an RC filter 608 can be
coupled to the leads (e.g., 606a, 606b) and can be dis-
posed within the encapsulation 602 with the substrate
352, or within the encapsulation 604. In another embod-
iments a capacitor couples at least two of the leads (e.g.,
606a, 606b) and another at least one package lead is
split (e.g., 606a) the split coupled with a resistor, wherein
the resistor and capacitor are molded with in the first en-
capsulation 602 containing the substrate 352, or within
the second encapsulation 604 at some point on the leads
(e.g., 606a, 606b) away from the molded body 602 con-
taining the substrate 352.
[0159] Passive components, such as the passive elec-
trical components 608, can be used within any of the
embodiments described herein.
[0160] Other types of magnets, included molded mag-
nets, are described above in conjunction with FIG. 3. In
some cases, the magnet 368 itself may be coated to im-
prove reliability. In one particular example, the magnet
368 is comprised of a NdFeB type of magnet coated with
a thin layer of Nickel to prevent or reduce corrosion.
[0161] The encapsulations 602, 604 can be provided
from a variety of materials, including, but not limited to,
plastic, or mold compound material.
[0162] While the leads 606a, 606b are shown to leave
the substrate 352 in a particular direction, in other em-
bodiments, the lead 606a, 606b can leave the substrate
352 in another direction.
[0163] The magnetic field sensors shown above in
FIGS. 3A, and 3B can also have leadframes and encap-
sulations the same as or similar to the encapsulations
602, 604.
[0164] Referring now to FIG. 3D, in which like elements
of FIG. 3 are shown having like reference designations;
a plurality of magnetic field sensing element 354a, and
as shown nine magnetic field sensing elements, although
other numbers are also possible, are disposed over or in
the first surface 352a of the substrate 352 in the magnetic
field sensor 350. The magnet 368 is disposed under the
substrate 352.
[0165] As shown, the magnetic field sensing element
354 can be but one of the plurality of magnetic field sens-
ing elements 354a, each of which is disposed over or in
the surface 352a proximate to each other.
[0166] In some embodiments, each one of the plurality
of magnetic field sensing elements 354a can have the
same structure as the magnetic field sensing element
354. In other embodiments, the structure can be different.
[0167] While a center one of the plurality magnetic field
sensing elements 354a is shown to represent the mag-
netic field sensing element 354 of FIG. 3, any one of the
plurality of magnetic field sensing elements 354a can be
selected to be the magnetic field sensing element 354.
In some embodiments, after the selection is made, the
remaining magnetic field sensing elements can thereaf-
ter be deactivated.
[0168] A selection circuit 358a, which can be a part of
the electronic circuit 358 of FIG. 3, can be configured to

receive signals from the plurality of magnetic field sens-
ing elements 354a and to select one of the signals as an
output signal used by other portions of the electronic cir-
cuit 358, therefore selecting one of the plurality of mag-
netic field sensing elements 354a to be the magnetic field
sensing element 354. The selection circuit 358a can in-
clude switches or the like (not shown) to make the selec-
tion of the magnetic field sensing element 354 used by
the magnetic field sensor 350. In some embodiments,
the selection circuit 368a itself does not receive the sig-
nals from the plurality of magnetic field sensing elements
354a, but instead causes a selected output signal or se-
lected set of output signals to be connected to sensing
circuitry.
[0169] As described above, relative positions of the
magnetic field sensing element 354, the magnet 358, and
the gear 370 (FIG. 3) influence accuracy (and potentially
output signal sign) of the magnetic field sensor 350. Ac-
cordingly, a signal experienced by the selected magnetic
field sensing element 354 as the gear 370 rotates will be
influenced by selection from among the plurality of mag-
netic field sensing elements 354a.
[0170] During manufacture of the magnetic field sens-
ing sensor 350, there are certain manufacturing toleranc-
es in the position of the substrate 352 relative to the mag-
net 368. These tolerances can lead to a less accurate
magnetic field sensor 350 due to the increased error or
expected range of signals from the magnetic field sensing
elements. Selecting a magnetic field sensing element
from the plurality of magnetic fields sensing elements
354a tends to improve the overall accuracy of the mag-
netic field sensor 350. In general, lower manufacturing
tolerance results in a slower rate of manufacture of mag-
netic field sensors. It may be advantageous to manufac-
ture magnetic field sensors rapidly, resulting in relatively
large manufacturing tolerances. Thus, it may be advan-
tageous (even regardless of manufacturing rate) to select
which one of the plurality of magnetic field sensing ele-
ments 354a to use as the magnetic field sensing element
354 by which one provides best accuracy of the magnetic
field sensor 350 during manufacture of the magnetic field
sensor 350.
[0171] Furthermore, during installation of the magnetic
field sensor 350 proximate to the gear 370 (or a target),
there is installation position tolerance of the magnetic
field sensor 350 relative to the gear 370. Thus, it may be
advantageous to select which one of the plurality of mag-
netic field sensing elements 354a to use as the magnetic
field sensing element 354 by which one provides best
accuracy of the magnetic field sensor 350 during instal-
lation or after the installation of the magnetic field sensor
350.
[0172] Some techniques that use a plurality of mag-
netic field sensing elements are described in U.S. Patent
Application No. 13/439,094, filed April 4, 2012, and en-
titled "High Accuracy Differential Current Sensor For Ap-
plications Like Ground Fault Interrupters," which is as-
signed to the assignee of the present invention, and
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which is incorporated herein in its entirety.
[0173] While the plurality of magnetic field sensing el-
ements 354a is shown in a rectangular grid arrangement,
other arrangements are possible, for example, circular
or near circular arrangements, irregularly spaced ar-
rangements, or line arrangements having any number of
magnetic field sensing elements, and including line ar-
rangements that are not horizontal or vertical on the page
as shown.
[0174] In a non-limiting example, a plurality of magnetic
field sensing elements is arranged as a line arrangement
on a diagonal (relative to the page) where positions of
the individual magnetic field sensing elements overlap in
one direction, but do not overlap in a second direction
orthogonal to the first direction (thus, they do not touch
each other). Such an embodiment allows the plurality of
magnetic field sensing elements to be spaced closer in
the one direction than the size of an individual magnetic
field sensing element to allow for smaller spacing toler-
ances to be realized. A plurality or such diagonal arrange-
ments may also be used.
[0175] The above plurality of magnetic field sensing
elements and selection therefrom can be used in any of
the embodiments described herein, and for any of the
magnetic field sensing elements shown or described
herein, including embodiments that use more than one
active magnetic field sensing element.
[0176] Now turning to arrangements that functionally
use more than one active magnetic field sensing element,
conventional magnetic field sensors that use two mag-
netic field sensing elements are not described explicitly
herein. However, it will be appreciated that conventional
arrangements that use two magnetic field sensing ele-
ments position the magnetic field sensing elements
across a gear. In other words, for conventional arrange-
ments that use two magnetic field sensing elements, a
line passing through the two magnetic field sensing ele-
ments does not intersect a gear or other target object
that is being sensed. The conventional magnetic field
sensors that use two (or more) magnetic field sensing
elements are coupled in and operate in a differential ar-
rangement. The subtraction of the two signals results in
operation around a zero level and reduces the effects of
changes in the baseline due to temperature, humidity,
and other package stresses, for example. Advantages
of differential arrangements will be understood. It will be
appreciated that the conventional differential arrange-
ments can operate only as edge detectors and not as
tooth detectors.
[0177] In contrast, magnetic field sensors described
below in conjunction with FIGS. 4-4DF position two mag-
netic field sensing elements such that a line passing
through the two magnetic field sensing elements inter-
sects s a gear or other target object. The magnetic field
sensors described below can operate as tooth detectors,
while maintaining the positive advantages like those of
a differential arrangement, including, but not limited to,
reduced variation over temperature, humidity, and pack-

age stress.
[0178] Referring now to FIG. 4 a magnetic field sensor
900 includes a substrate 902. The substrate 902 has a
first major surface 902a. A first dimension 912 across the
first major surface 902a of the substrate 902 defines a
width of the substrate 902 and a second dimension (not
shown, into the page) across the first major surface 902a
of the substrate 902 perpendicular to the first dimension
912 defines a length of the substrate 902. A second major
surface 902b of the substrate 902 is parallel to the first
major surface 902a. The substrate has first and second
substrate edges 902c, 902d, respectively, at ends of the
width of the substrate 902. The substrate 902 has a cent-
er axis 902e perpendicular to the first and second major
surfaces 902a, 902b, respectively, of the substrate 902
and centered within the width and length of the substrate
902.
[0179] The magnetic field sensor 900 also includes a
magnet 922, which has a first major surface 922a prox-
imate to the substrate 902. A first dimension 924 across
the first major surface 922a of the magnet 922 defines a
width of the magnet and a second dimension (not shown,
into the page) across the first major surface 922a of the
magnet 922 perpendicular to the first dimension 924 de-
fines a length of the magnet 922. The magnet 922 has a
second major surface 922b distal from the substrate 902
and substantially parallel to the first major surface 922a
of the magnet 922. The magnet 922 also has third and
fourth opposing surfaces 922c, 922d, respectively, at
ends of the width of the magnet 922. The magnet 922
has a center axis 926, a geometric axis, perpendicular
to the first and second major surfaces 922a, 922b of the
magnet 922 and centered within the width and length of
the magnet 922.
[0180] The magnet 922 can have a north pole, N, at
the fourth major surface 922d and a south pole, S, at the
third major surface 922c. A line between the north pole
and the south pole can intersect a gear 930.
[0181] The magnetic field sensor 900 also includes a
first magnetic field sensing element 904 disposed upon
or within the first major surface 902a or the second major
surface 902b of the substrate 902. The first magnetic
field sensing element 904 is configured to generate a first
magnetic field signal (an electronic signal).
[0182] The first magnetic field sensing element 904 in-
cludes center upon the first major surface 902a or the
second major surface 902b of the substrate 902, and a
center axis 906, a geometric axis, generally parallel to
the center axis 926 of the magnet. The center axis 906
of the first magnetic field sensing element 904 is sub-
stantially closer to the fourth major surface 922d of the
magnet 922 than to the center axis 926 of the magnet
922. In other words, a dimension 916 is substantially
smaller than a dimension 918.
[0183] The magnetic field sensor 900 can also include
a second magnetic field sensing element 908 disposed
upon or within the first major surface 902a or the second
major surface 902b of the substrate 902. The second

31 32 



EP 3 168 634 A1

18

5

10

15

20

25

30

35

40

45

50

55

magnetic field sensing element 908 is configured to gen-
erate a second magnetic field signal (an electronic sig-
nal).
[0184] The second magnetic field sensing element 908
includes a center upon the first major surface 902a or
the second major surface 902b of the substrate 902, and
a center axis 910, a geometric axis, generally parallel to
the center axis 926 of the magnet. The center axis 910
of the second magnetic field sensing element 908 is sub-
stantially closer to the third major surface 922c of the
magnet 922 than to the center axis 926 of the magnet 922.
[0185] In one particular embodiment as shown, the
center axes 904, 910 of the first and second magnetic
field sensing elements 904, 908 are at or beyond the
width of the magnet 922, the width of the magnet 922
defined by the dimension line 924. In these embodi-
ments, distances between the center axis 926 of the mag-
net 922 and the center axes 904, 910 of the first and
second magnetic field sensing elements 904, 908 are
greater than or equal to a distance from the center axis
926 of the magnet 922 to respective ones of the third or
fourth surfaces 922c, 922d of the magnet 922.
[0186] However, in other embodiments, the center ax-
es 904, 910 of the first and second magnetic field sensing
elements 904, 908 are within the width of the magnet 922
but still such that the center axes 904, 910 of the first and
second magnetic field sensing elements 904, 908 are
substantially closer to respective surfaces 922c, 922d of
the magnet 922 than to the center axis 926 of the magnet
922.
[0187] The magnetic field sensing elements 904, 908
are shown to be disposed within the substrate 920, which
may be indicative of a Hall element. However, the mag-
netic field sensing elements 904, 908 can be any types
of magnetic field sensing element. The selection of a type
of magnetic field sensing element is the same as that
described above in conjunction with FIG. 3.
[0188] The magnetic field sensor 900 can include an
electronic circuit 920 disposed on or within the substrate
902. The electronic circuit 920 can be of a type described
below in conjunction with FIG. 5 and can provide a sum-
mation of signals generated by the two magnetic field
sensing elements 904, 908.
[0189] It is shown that the center axis 902e of the sub-
strate 902 is slightly offset from the center axis 926 of
the magnet 922. This offset is shown merely for clarity,
and, in some embodiments, the center axis 902e of the
substrate 902 is aligned with the center axis 926 of the
magnet 922. However, embodiments for which the center
axes 902e, 926 do not align are also possible.
[0190] In some embodiments, as shown, the center
axis 926 of the magnet 922 and the center axis 902e of
the substrate 902 do not intersect a gear 930. Also as
shown, the axis 928 intersects the gear 930 and a center
of rotation 940. However, in other embodiments, the axis
928 can intersect the gear 930 but does not intersect the
axis of rotation 940.
[0191] It will be appreciated that the magnet 922, unlike

the conventional magnet 308 of FIG. 2, in some embod-
iments, can be comprised of a hard ferromagnetic mate-
rial. In some embodiments, the magnet 922 is rectangu-
lar, and in other embodiments, the magnet 922 is cylin-
drical. The magnet 922 can be the same as or similar to
the magnet 368 described above in conjunction with FIG.
3.
[0192] In some embodiments, major axes of sensitivity
of the first and second magnetic field sensing elements
904, 908 are parallel to the first surface 902a of the sub-
strate 902 and parallel to the width dimension 912 of the
substrate 902. In other embodiments, the major axes of
sensitivity of the first and second magnetic field sensing
elements 904, 908 are perpendicular to the first surface
902a of the substrate 902.
[0193] Types of magnetic field sensing elements are
described above in conjunction with FIG. 3.
[0194] As described above, the magnet 922 has a
north pole, N, at the fourth surface 922d and a south pole,
S, at the third surface 922c, a line between which is par-
allel to the first major surface 902a of the substrate 902.
With this particular arrangement, magnetic field (or flux)
lines pass through the surfaces 922c, 922d of the magnet
922 in a direction generally perpendicular to the surfaces
922c, 922d. When the first magnetic field sensing ele-
ment 904 is proximate to a valley in the gear 930, the
magnetic flux lines pas through the magnetic field sens-
ing elements 904, 908 in directions generally perpendic-
ular to, but, depending on the exact relative positions of
the first and second magnetic field sensing elements 904,
908, the magnet 922, and the gear 930, possibly at an-
other angle relative to the surface 902a of the substrate
902. In operation, the angle of the magnetic field relative
to the surface 902a of the substrate 902, as well as a
magnitude of the magnetic field, change at the location
of the first magnetic field sensing element 904 as gear
teeth and valleys pass by the magnetic field sensor 900
as the gear 930 rotates. However, as the gear 930 ro-
tates, the angle and magnitude of the magnetic field at
the location of the second magnetic field sensing element
908 changes less, and may be relatively invariant in some
cases, since the second magnetic field sensing element
908 is relatively far from the gear 930 and is therefore
less influenced when compared to the first magnetic field
sensing element 904.
[0195] For embodiments in which the major response
axes of the magnetic field sensing elements 904, 908 are
perpendicular to the first surface 902a of the substrate
902, e.g., for planar Hall elements, when the first mag-
netic field sensing element 904 is proximate to a valley
in the gear 930, the magnetic field passing through the
first and second magnetic field sensing elements 904,
908 is at a first angle, which is between parallel and per-
pendicular to the major axes of sensitivity of the first and
second magnetic field sensing elements 904, 908, the
magnetic field has first magnitudes, and an output signal
from the first magnetic field sensing element 904 has a
first amplitude (as described above, the output signal

33 34 



EP 3 168 634 A1

19

5

10

15

20

25

30

35

40

45

50

55

from the second magnetic field sensing element 908 is
relatively invariant). However, when the first magnetic
field sensing element 904 is proximate to a gear tooth,
the magnetic field passing through the first magnetic field
sensing element 904 is redirected by the gear tooth to
be at a second different angle, which is also between
parallel and perpendicular to the major response axes of
the first and second magnetic field sensing elements 904,
908, and/or to have second different magnitudes, and an
output signal from the first magnetic field sensing element
904 has a second different amplitude.
[0196] First and second non-limiting examples de-
scribed above in conjunction with FIG. 3 also apply to
the magnetic field sensor 900. The magnetic field sensor
900 forms a tooth detector.
[0197] For embodiments in which the major response
axes of the magnetic field sensing elements 904, 908 are
parallel to the first surface 902a of the substrate 902,
e.g., for GMR magnetoresistance elements, signal po-
larities may be reversed from those described above.
[0198] It will be appreciated that, the direction of the
magnetic field passing through the first magnetic field
sensing element 904 is opposite from the direction of the
magnetic field passing through the second magnetic field
sensing element 908. Thus, magnetic field signals gen-
erated by the first and second magnetic field sensing
elements 904, 908 can be added or summed to achieve
a more stable and compensated (i.e., differential-like) ar-
rangement by way of the an electronic circuit described
below in conjunction with FIG. 5.
[0199] As described above, the second magnetic field
signal generated by the second magnetic field sensing
element 908 remains relatively unchanged in magnitude
and phase as the gear 930 rotates. Thus, it will be ap-
preciated that, with the differential arrangement provided
by summing of the signals generated by the first and sec-
ond magnetic field sensing elements 904, 908, the sec-
ond magnetic field signal generated by the second mag-
netic field sensing element 908 operate as a reference
signal. For example, as temperature changes, if both of
the magnetic fields signals generated by the first and
magnetic field sensing elements 904, 908 move upward
or downward by the same amount due to temperature,
a summation signal generated by summing the first and
second magnetic field signals will be substantially un-
changed. Essentially, the second magnetic field sensing
element 908 provides an automatic compensation (i.e.,
reduction) of a variety of undesirable effects, for example,
changes due to temperature, common mode noise, and
common mode pickup of other magnetic fields generated
by other magnetic objects in proximity to the magnetic
field sensor 900.
[0200] Particularly for gear teeth that are wide in the x
and y directions 938, the magnetic field sensor 900 can
rotate though a number of degrees, for example, through
+/- one hundred eighty degrees (i.e., though three hun-
dred sixty degrees), about an axis 928 as represented
by an arrow 934. The rotation results in some perform-

ance variation, but within acceptable limits. The magnetic
field sensor 900 can also rotate though a number of de-
grees, for example, through +/- twenty degrees, in a di-
rection of an arrow 936, i.e., about a y-axis in an x-z plane
of orthogonal axes 938 with minimal performance varia-
tion.
[0201] Referring now to FIG. 4A, in which like elements
of FIG. 4 are shown having like reference designations,
a magnetic field sensor 950 is like the magnetic field sen-
sor 900 of FIG. 4, except that a magnet 962 replaces the
magnet 922 of FIG. 4.
[0202] The magnet 962 has a first major surface 962a
proximate to the substrate 902. The first dimension 924
across the first major surface 962a of the magnet 962
defines a width of the magnet 962 and a second dimen-
sion across the first major surface 962a of the magnet
962 perpendicular to the first dimension defines a length
of the magnet 962. The magnet 962 has a second major
surface 962b distal from the substrate 902 and substan-
tially parallel to the first major surface 962a of the magnet
962. The magnet 962 has third and fourth opposing sur-
faces 962d, 962c, respectively, at ends of the width 924
of the magnet 962. The magnet 962 has the center axis
926 perpendicular to the first and second major surfaces
962a, 962b of the magnet 962 and centered within the
width and length of the magnet 962.
[0203] Unlike the magnet 922 of FIG. 4, the magnet
962 has a north pole, N, and a south pole, S, a line be-
tween which is perpendicular to a first major surface 952a
of the substrate 952. Magnetic field lines and operation
of the magnetic field sensor will be understood from the
description above in conjunction with FIG. 4.
[0204] Referring now to FIG. 4B, in which like elements
of FIGS. 4 and 4A are shown having like reference des-
ignations, a magnetic field sensor 1000 includes a sub-
strate 1002. The substrate 1002 has a major planar sur-
face 1002a or 1002b. The magnetic field sensor 1000
also includes a magnet 1024 the same as or similar to
the magnet 922 of FIG. 4.
[0205] The magnetic field sensor 100 can include a
magnet 1024, which can be the same as or similar to the
magnet 922 of FIG. 4. However, in other embodiments,
the magnetic field sensor 1000 can include a magnet the
same as or similar to the magnet 962 of FIG. 4A.
[0206] First and second magnetic field sensing ele-
ments 1004, 1008 can be disposed upon or within the
first or second surfaces 1002a, 1002b, respectively, of
the substrate 1002. The magnetic field sensing elements
1004, 1008 are like the magnetic field sensing elements
904, 908 of FIG. 4, but are disposed such that center
axes 1006, 1010 of the magnetic field sensing element
1004, 1008 are closer to a center axis 1002e of the mag-
net 1024 than to the third or fourth surfaces 1024d, 1024c
of the magnet 1024. In other words, a dimension 1022
is the same as or smaller than a dimension 1020.
[0207] The magnetic field sensor 1000 can include an
electronic circuit 1018 disposed on the substrate 1002,
which can be like the electronic circuit described below
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in conjunction with FIG. 5. The magnetic field sensor
1000 can provide a tooth detector.
[0208] It is shown that a center axis 1002e of the sub-
strate 1002 is slightly offset from a center axis 1016 of
the magnet 1024. This offset is shown merely for clarity,
and, in some embodiments, the center axis 1002e of the
substrate 1002 is aligned with the center axis 1016 of the
magnet 1024. However, embodiments for which the cent-
er axes 1002e, 1016 do not align are also possible.
[0209] In some embodiments, as shown, neither the
center axis 1016 of the magnet 1024 nor the center axis
1002e of the substrate 1002 intersect the ferromagnetic
object, i.e., a gear 1030. However, a line passing through
the first and second magnetic field sensing elements
1004, 1008 can intersect the gear 1024 and, in some
embodiments, can intersect a center of rotation 1040 of
the gear 1024. However, in other embodiments the line
between the first and second magnetic field sensing el-
ement 1004 and 1008 intersects the gear 1030 but not
the center of rotation 1040.
[0210] Operation of the magnetic field sensor 1000 will
be understood from discussion above in conjunction with
FIG. 4. The magnetic field sensor 1000 provides similar
characteristics and advantages as the magnetic field
sensor 900 of FIG. 4.
[0211] Referring now to FIG. 4C, a magnetic field sen-
sor 1050 includes a substrate 1052. The substrate 1052
has a major planar surface 1052a or 1052b. The mag-
netic field sensor 1050 also includes a magnet 1074 dis-
posed proximate to the substrate 1052. The magnetic
field sensor 1050 also includes a magnetic field sensing
element 1054 disposed upon or within the major planar
surface 1052a or 1052b of the substrate 1052. The mag-
netic field sensing elements 1054 is configured to gen-
erate a magnetic field signal.
[0212] The magnetic field sensor 1050 can include a
magnet 1074 the same as or similar to the magnet 922
of FIG. 4, and having a center axis 1066. However, in
other embodiments, the magnetic field sensor 1050 can
include a magnet the same as or similar to the magnet
962 of FIG. 4A.
[0213] The magnetic field sensor 1050 can include an
electronic circuit 1068 disposed on the substrate 1052.
The electronic circuit can be the same as or similar to
the electronic circuit 50 of FIG. 1A. The magnetic field
sensor 1050 can provide a tooth detector.
[0214] It is shown that a center axis 1052e of the sub-
strate 1052 is slightly offset from a center axis 1066 of
the magnet 1074. This offset is shown merely for clarity,
and, in some embodiments, the center axis 1052e of the
substrate 1052 is aligned with the center axis 1066 of the
magnet 1074. However, embodiments for which the cent-
er axes 1052e, 1064 do not align are also possible.
[0215] In some embodiments, as shown, neither the
center axis 1066 of the magnet 1074 nor the center axis
1052e of the substrate 1052 intersect the ferromagnetic
object, i.e., a gear 1080. However, a line passing through
the magnetic field sensing element 1054 and parallel to

the first surface 1052a of the substrate 1052 can intersect
the gear 1080 and, in some embodiments, can intersect
a center of rotation 1090 of the gear 1080.
[0216] Operation of the magnetic field sensor 1050 will
be understood from discussion above.
[0217] Referring now to FIG. 4D, in which like elements
of FIG. 4 are shown having like reference designations,
a magnetic field sensor 1200 can include the substrate
902 having the magnetic field sensing element 904 and
the electronic circuit 920 disposed thereon. The substrate
902 can be coupled to a leadframe, here shown for clarity
having only two leads 1204a, 1204b. It will be understood
that the leadframe has other parts, for example, a base
plate (not shown) or die attach areas (not shown), which
would be used in a case where the die spans multiple
lead. The base plate of the die attach areas may be po-
sitioned under the substrate 1202. For a flip chip device,
the die attach areas may be lead fingers to connect the
die to the leadframe with solder bumps, for example.
[0218] The magnetic field sensor 1200 also includes
the magnet 922. In some embodiments, the magnetic
field sensor 1200 includes an encapsulation 1202 that
surrounds the substrate 902 and part of the leadframe
1204a, 1204b. In these embodiments the magnet 922
can be coupled to or affixed to the encapsulation 1202
as shown with glue, tape, or the like.
[0219] In other embodiments, in addition to or in place
of the encapsulation 1202, the magnetic field sensor
1200 can include an encapsulation 1206 that surrounds
at least the magnet 922. In some embodiments, the en-
capsulation 1206 surrounds the magnet 922, the sub-
strate 902, and also part of the leadframe 1204a, 1204b,
for example, in a single molding step. In another embod-
iment, the magnet 922 itself is molded with a hard ferro-
magnetic molding material (described above) and may
be dimensioned to be inside of the first encapsulation
1202 or outside the 1202 boundary.
[0220] The encapsulations 1202, 1206 can be provid-
ed from a variety of materials, including, but not limited
to, plastic or mold compound material.
[0221] While the leads 1204a, 1204b are shown to
leave the substrate 902 in a particular direction, in other
embodiments, the lead 1204a, 1204b can leave the sub-
strate 902 in another direction.
[0222] Other characteristics of the packaged magnetic
field sensor 1200 can be the same as or similar to char-
acteristics to described above in conjunction with FIG.
3C.
[0223] Referring now to FIG. 5, in which like elements
of FIG. 1A are shown having like reference designations,
an electronic circuit 1250, unlike the electronic circuit 50
of FIG. 1A, includes two input amplifiers 1256, 1258 cou-
pled to receive two differential input signals 1252a, 1252b
and 1254a, 1254b from two magnetic field sensing ele-
ments, for example, from the two magnetic field sensing
elements 904, 908 of FIGS. 4 and 4A.
[0224] The electronic circuit 1250 includes a summing
node 1260 coupled to receive output signals 1256a
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1258a from the amplifiers 1256, 1258. For reasons de-
scribed above in conjunction with FIG. 4, an output signal
1260a essentially provides a difference signal even
though it is derived from a summation. As described
above in conjunction with FIG. 4, the difference signal
results because the magnetic field generated by the mag-
net 922 of FIG. 4 passes through the two magnetic field
sensing elements 904, 908 in opposite directions, result-
ing in signals with opposite po0larities.
[0225] Referring now to FIG. 6, a graph 1300 has a
vertical axis with a scale in units of magnetic field or mag-
netic flux density in Gauss and horizontal axis with a scale
in units of degrees of angular rotation of the gear or target,
for example, the gear 370 of FIG. 3. A set of curves 1302
is representative of a magnetic field experienced by a
magnetic field sensing element, for example, the mag-
netic field sensing element 354 of FIG. 3, as the gear 370
rotates. Thus, the magnetic field is lower in a region 1308
when the magnetic field sensor 354, which can be when
the magnetic field sensing element 354 is proximate to
a gear valley, and higher in regions 1304, 1312, which
can be when the magnetic field sensing element 354 is
proximate to gear teeth. The opposite can also be true
depending upon the type of magnetic field sensing ele-
ment used.
[0226] The set of curves 1302 are taken for the case
where the magnetic field sensing element 354 is a planar
Hall element having an axis of sensitivity perpendicular
to the surfaces 352a, 352b of the substrate 352 and for
an air gap between the magnetic field sensor 350 and
the gear 312 of one millimeter.
[0227] The set of curves 1302 is representative of a
set of rotation angles of the magnetic field sensor 350 of
FIG. 3 about the axis 380 as represented by the arrow
372, i.e., as the magnetic field sensor 350 is twisted about
the axis 380. Recall that the magnetic field sensor 350
can use a simple magnet 368 that does not have a core
shown in conjunction with the magnet 308 of FIG. 2.
[0228] Various ones of the set of curves 1302 are not
individually identified. However, taken together, the set
of curves 1302 is representative of a rotation of the mag-
netic field sensor 350 about the axis 380 through three
hundred sixty degrees. Thus, it will be appreciated that
an output signal generated by the magnetic field sensor
350 is not affected very much by the rotation angle of the
magnetic field sensor 350 about the axis 380. This be-
havior is advantageous because, in some applications
of the magnetic field sensor350 (and magnetic field sen-
sors of FIGS. 3A-3C), the magnetic field sensor 350 is
part of an assembly that screws into a hole with an axis
aligned with the axis 380. Thus, it is desirable that the
rotation angle of the magnetic field sensor 350 about the
axis 380 does not need to be carefully controlled for all
sensor applications.
[0229] In the region 1308 it can be seen that the base-
line level is about 1425 Gauss, which is higher than the
baseline level (about +/- six hundred Gauss) described
above in conjunction with FIG. 2, for which a magnetic

field sensor 300 has the magnet 308 with the core 310.
As described above, the core 310 results in a particularly
low baseline level for a given geometry and magnetic
field sensing element placement. However, for the case
of the simple magnet 368 of FIG. 3, the change in the
level between the regions 1304, 1312 and 1308 are large
enough for many applications. Thus, the magnetic field
sensor 350 of FIG. 3, to which the set of curves 1302
applies, can still provide good differentiation between a
tooth and a valley of the gear 370, and therefore, can
provide an accurate output signal, but without using a
high cost magnet with a core, and without having the low
baseline level achieved by the more expensive magnet.
[0230] It can be shown that the good differentiation of
the magnetic field sensor 350 is also provided over a
range of air gaps between the magnetic field sensor 350
and the gear.
[0231] While the graph 1300 is described above in con-
junction with the magnetic field sensor 350 of FIG. 3,
similar graphs can be generated for other magnetic field
sensors described above
[0232] As described above in conjunction with FIGS.
1 and 2, some prior art arrangements use a complex and
costly magnet having a core material in order to achieve
a low baseline level. All embodiments of magnetic field
sensors described above can use a simple, lower-cost,
magnet without a core. The low cost magnet can take a
variety of forms described above in conjunction with FIG.
3, including magnets made of a uniform solid material,
and magnets made of impregnated molded materials.
However, it should also be appreciated that, in other em-
bodiments, the magnetic field sensors described above
could use a magnetic with a core.
[0233] All references cited herein are hereby incorpo-
rated herein by reference in their entirety.
[0234] Having described preferred embodiments,
which serve to illustrate various concepts, structures and
techniques, which are the subject of this patent, it will
now become apparent to those of ordinary skill in the art
that other embodiments incorporating these concepts,
structures and techniques may be used. Accordingly, it
is submitted that that scope of the patent should not be
limited to the described embodiments but rather should
be limited only by the spirit and scope of the following
claims.
[0235] In addition to the claimed embodiments in the
appended claims, the following is a list of additional em-
bodiments which may serve as the basis for additional
claims in this application or subsequent divisional appli-
cations:

Embodiment 1

[0236] A magnetic field sensor for sensing motion of a
ferromagnetic object, comprising:

a substrate, comprising:
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a first major surface, wherein a first dimension
across the first major surface of the substrate
defines a width of the substrate and a second
dimension across the first major surface of the
substrate perpendicular to the first dimension
defines a length of the substrate;
first and second substrate edges at ends of the
width of the substrate;
a second major surface parallel to the first major
surface, wherein the magnetic field sensor fur-
ther comprises:

a magnet, comprising:

a first major surface proximate to the
substrate, wherein a first dimension
across the first major surface of the
magnet defines a width of the magnet
and a second dimension across the first
major surface of the magnet perpendic-
ular to the first dimension defines a
length of the magnet;
a second major surface distal from the
substrate and parallel to the first major
surface of the magnet;
a center axis perpendicular to the first
and second major surfaces of the mag-
net and centered within the width and
length of the magnet, wherein the mag-
netic field sensor further comprises:

a first magnetic field sensing element disposed upon
the first major surface or the second major surface
of the substrate and configured to generate a mag-
netic field signal, wherein the first magnetic field
sensing element comprises a center; wherein the
center of the first magnetic field sensing element is
substantially closer to a first end of the width dimen-
sion of the magnet than to the center axis of the mag-
net.

Embodiment 2

[0237] The magnetic field sensor of Embodiment 1,
wherein a distance between the center axis of the magnet
and the center of the first magnetic field sensing element
is greater than a distance from the center axis of the
magnet and the first end of the width dimension of the
magnet.

Embodiment 3

[0238] The magnetic field sensor of Embodiment 1,
wherein the center of the first magnetic field sensing el-
ement is at or beyond the first end of the width dimension
of the magnet.

Embodiment 4

[0239] The magnetic field sensor of Embodiment 1,
wherein the magnet has a north pole and a south pole,
a line between which is parallel to the first major surface
of the substrate.

Embodiment 5

[0240] The magnetic field sensor of Embodiment 1,
wherein the magnet has a north pole and a south pole,
a line between which is perpendicular to the first major
surface of the substrate.

Embodiment 6

[0241] The magnetic field sensor of Embodiment 1,
wherein the first magnetic field sensing element compris-
es a Hall element.

Embodiment 7

[0242] The magnetic field sensor of Embodiment 1,
wherein the first magnetic field sensing element compris-
es a magnetoresistance element.

Embodiment 8

[0243] The magnetic field sensor of Embodiment 1,
wherein the center axis of the substrate and the center
axis of the magnet intersect the ferromagnetic object.

Embodiment 9

[0244] The magnetic field sensor of Embodiment 1,
wherein the magnet comprises a rectangular magnet.

Embodiment 10

[0245] The magnetic field sensor of Embodiment 1,
wherein the magnet consists of only one uniform mate-
rial.

Embodiment 11

[0246] The magnetic field sensor of Embodiment 10,
wherein the magnet is comprised of a hard ferromagnetic
material, and wherein the magnet does not have a core
comprised of a different material.

Embodiment 12

[0247] The magnetic field sensor of Embodiment 1,
wherein the magnet is comprised of a hard ferromagnetic
material, and wherein the magnet does not have a core
comprised of a different material.
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Embodiment 13

[0248] The magnetic field sensor of Embodiment 1,
wherein the magnet comprises magnetic particles mold-
ed within a mold compound.

Embodiment 14

[0249] The magnetic field sensor of Embodiment 1, fur-
ther comprising:

a leadframe over which the substrate is disposed,
the leadframe comprising a plurality of leads; and
a molded body encapsulating the substrate and se-
lected parts of the leadframe; and

one or more passive electronic components disposed
within the molded body and electrically coupled to at least
two of the plurality of leads.

Embodiment 15

[0250] The magnetic field sensor of Embodiment 1,
wherein the first magnetic field sensing element is se-
lected from a among a plurality of magnetic field sensing
elements disposed upon the first major surface or the
second major surface of the substrate.

Embodiment 16

[0251] The magnetic field sensor of Embodiment 1, fur-
ther comprising a second magnetic field sensing element
disposed upon the first major surface or the second major
surface of the substrate and configured to generate a
second magnetic field signal, wherein the second mag-
netic field sensing element comprises a center, wherein
the center of the second magnetic field sensing element
is substantially closer to a second end of the width di-
mension of the magnet than to the center axis of the
magnet.

Embodiment 17

[0252] The magnetic field sensor of Embodiment 16,
wherein a line passing through the first and second mag-
netic field sensing elements intersects the ferromagnetic
object.

Embodiment 18

[0253] The magnetic field sensor of Embodiment 17,
wherein a distance between the center axis of the magnet
and the center of the first magnetic field sensing element
is greater than a distance from the center axis of the
magnet and the first end of the width dimension of the
magnet, and wherein a distance between the center axis
of the magnet and the center of the second magnetic
field sensing element is greater than a distance from the

center axis of the magnet and the second end of the width
dimension of the magnet.

Embodiment 19

[0254] The magnetic field sensor of Embodiment 17,
wherein the center of the first magnetic field sensing el-
ement is at or beyond the first end of the width dimension
of the magnet, and wherein the center of the second mag-
netic field sensing element is at or beyond the second
end of the width dimension of the magnet.

Embodiment 20

[0255] The magnetic field sensor of Embodiment 17,
wherein the magnet is comprised of a hard ferromagnetic
material, and wherein the magnet does not have a core
comprised of a different material.

Embodiment 21

[0256] The magnetic field sensor of Embodiment 17,
wherein the magnet comprises magnetic particles mold-
ed within a mold compound.

Embodiment 22

[0257] The magnetic field sensor of Embodiment 17,
further comprising an electronic circuit coupled to receive
the first and second magnetic field signals and configured
to sum the first and second magnetic field signals.

Embodiment 23

[0258] The magnetic field sensor of Embodiment 17,
further comprising:

a leadframe over which the substrate is disposed,
the leadframe comprising a plurality of leads; and
a molded body encapsulating the substrate and se-
lected parts of the leadframe; and

one or more passive electronic components disposed
within the molded body and electrically coupled to at least
two of the plurality of leads.

Embodiment 24

[0259] The magnetic field sensor of Embodiment 17,
wherein the first magnetic field sensing element is se-
lected from a among a first plurality of magnetic field
sensing elements disposed upon the first major surface
or the second major surface of the substrate and the sec-
ond magnetic field sensing element is selected from a
among a second plurality of magnetic field sensing ele-
ments disposed upon the first major surface or the sec-
ond major surface of the substrate.
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Embodiment 25

[0260] A magnetic field sensor for sensing motion of a
ferromagnetic object, comprising:

a substrate, comprising:

a first major surface, wherein a first dimension
across the first major surface of the substrate
defines a width of the substrate and a second
dimension across the first major surface of the
substrate perpendicular to the first dimension
defines a length of the substrate;
first and second substrate edges at ends of the
width of the substrate;
a second major surface parallel to the first major
surface, wherein the magnetic field sensor fur-
ther comprises:

a magnet, comprising:

a first major surface proximate to the
substrate, wherein a first dimension
across the first major surface of the
magnet defines a width of the magnet
and a second dimension across the first
major surface of the magnet perpendic-
ular to the first dimension defines a
length of the magnet;
a second major surface distal from the
substrate and parallel to the first major
surface of the magnet;
a center axis perpendicular to the first
and second major surfaces of the mag-
net and centered within the width and
length of the magnet, wherein the mag-
netic field sensor further comprises:

a first magnetic field sensing ele-
ment disposed upon the first major
surface or the second major sur-
face of the substrate and config-
ured to generate a first magnetic
field signal;
a second magnetic field sensing el-
ement disposed upon the first ma-
jor surface or the second major sur-
face of the substrate and config-
ured to generate a second magnet-
ic field wherein a line passing
through the first and second mag-
netic field sensing elements inter-
sects the ferromagnetic object.

Embodiment 26

[0261] The magnetic field sensor of Embodiment 25,
wherein the first magnetic field sensing element is sub-

stantially closer to the ferromagnetic object than the sec-
ond magnetic field sensing element.

Embodiment 27

[0262] The magnetic field sensor of Embodiment 26,
wherein the magnet is comprised of a hard ferromagnetic
material, and wherein the magnet does not have a core
comprised of a different material.

Embodiment 28

[0263] The magnetic field sensor of Embodiment 26,
wherein the magnet comprises magnetic particles mold-
ed within a mold compound.

Embodiment 29

[0264] The magnetic field sensor of Embodiment 26,
further comprising an electronic circuit coupled to receive
the first and second magnetic field signals and configured
to sum the first and second magnetic field signals.

Embodiment 30

[0265] The magnetic field sensor of Embodiment 26,
further comprising:

a leadframe over which the substrate is disposed,
the leadframe comprising a plurality of leads;
a molded body encapsulating the substrate and se-
lected parts of the leadframe; and

one or more passive electronic components disposed
within the molded body and electrically coupled to at least
two of the plurality of leads.

Embodiment 31

[0266] The magnetic field sensor of Embodiment 26,
wherein the first magnetic field sensing element is se-
lected from a among a first plurality of magnetic field
sensing elements disposed upon the first surface of the
substrate and the second magnetic field sensing element
is selected from a among a second plurality of magnetic
field sensing elements disposed upon the first major sur-
face or the second major surface of the substrate.

Claims

1. A magnetic field sensor for sensing motion of a fer-
romagnetic object, comprising:

a substrate, comprising:

a first major surface, wherein a first dimen-
sion across the first major surface of the
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substrate defines a width dimension of the
substrate and a second dimension across
the first major surface of the substrate per-
pendicular to the width dimension defines a
length dimension of the substrate;
first and second substrate edges at ends of
the width of the substrate;
a second major surface parallel to the first
major surface, wherein the magnetic field
sensor further comprises:

a magnet, comprising:

a first major surface proximate to
the substrate and substantially
parallel to the first major surface of
the substrate, wherein a first di-
mension across the first major sur-
face of the magnet defines a width
dimension of the magnet and a
second dimension across the first
major surface of the magnet per-
pendicular to the width dimension
defines a length dimension of the
magnet;
a second major surface distal from
the substrate and parallel to the
first major surface of the magnet;
a center axis perpendicular to the
first and second major surfaces of
the magnet and centered within the
width dimension and length dimen-
sion of the magnet, wherein the
magnetic field sensor further com-
prises:

a first magnetic field sensing
element disposed upon the
first major surface or the sec-
ond major surface of the sub-
strate and configured to gen-
erate a first magnetic field sig-
nal, wherein the first magnetic
field sensing element compris-
es a center;
a second magnetic field sens-
ing element disposed upon the
first major surface or the sec-
ond major surface of the sub-
strate and configured to gen-
erate a second magnetic field
signal, wherein the second
magnetic field sensing ele-
ment comprises a center,
wherein a line passing through
the first and second magnetic
field sensing elements inter-
sects the ferromagnetic ob-

ject, wherein the center of the
first magnetic field sensing el-
ement and the center of the
second magnetic field sensing
element are disposed on op-
posite sides of the center axis
of the magnet, wherein the
second magnetic field sensing
element is substantially farther
from the ferromagnetic object
than the first magnetic field
sensing element, resulting in
the first magnetic field sensing
element being substantially
more responsive to the motion
of the ferromagnetic object
than the second magnetic field
sensing element.

2. The magnetic field sensor of Claim 1, wherein the
first magnetic field sensing element is substantially
closer to the ferromagnetic object than the second
magnetic field sensing element.

3. The magnetic field sensor of Claim 2, wherein the
magnet is comprised of a hard ferromagnetic mate-
rial, and wherein the magnet does not have a core
comprised of a different material.

4. The magnetic field sensor of Claim 2, wherein the
magnet comprises magnetic particles molded within
a mold compound.

5. The magnetic field sensor of Claim 2, further com-
prising an electronic circuit coupled to receive the
first and second magnetic field signals and config-
ured to sum the first and second magnetic field sig-
nals.

6. The magnetic field sensor of Claim 2, further com-
prising:

a leadframe over which the substrate is dis-
posed, the leadframe comprising a plurality of
leads;
a molded body encapsulating the substrate and
selected parts of the leadframe; and
one or more passive electronic components dis-
posed within the molded body and electrically
coupled to at least two of the plurality of leads.

7. The magnetic field sensor of Claim 2, wherein the
first magnetic field sensing element is selected from
among a first plurality of magnetic field sensing ele-
ments disposed upon the first surface of the sub-
strate, the selection of the first magnetic field sensing
element based upon a desired behavior of the mag-
netic field sensor and other ones of the first plurality
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of magnetic field sensing element are inactive, and
the second magnetic field sensing element is select-
ed from among a second plurality of magnetic field
sensing elements disposed upon the first major sur-
face or the second major surface of the substrate,
the selection of the second magnetic field sensing
element based upon the desired behavior of the
magnetic field sensor and other ones of the second
plurality of magnetic field sensing elements are in-
active.
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